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HYDRAULIC 

1. DefiniCion of s i m i l i t u d e  - 
Simi l i tude ,  a s  appl ied  t o  hydraul ic  models, goes considerably 

beyond t h e  s u p e r f i c i z l  a s p e c t s  of geometric s i m i l a r i t y  w i t h  which if i s  

sometimes erroneously i d e n t i f i e d .  S imi l i t ude  can be clefinad as a known 

and u s u a l l y  l imi t ed  correspondence between t h e  behavior  of a model and 

i t s  p r o t o t y p ,  w i th  o r  wi thout  geometric s i m i l a r i t y .  The corrsspondence 

i s  u s u a l l y  l imi t ed  becsusc it i s  impossible  t o  a r r ange  a l l  t he  condi t ions  

roqui red  f o r  complete s imi l i t ude ,  a l though t h e s e  cond i t ions  a r e  kno~nrn, 

a s  w i l l  be shorn subsequently. The t e rm s i m i l i t u d e  should be q u a l i f i e d  

t o  i n d i c a t e  t h e  general  l i m i t s  of correspondence o r  one might speak of  

s e v e r a l  s i m i l i t u d e s ,  each of  which h s  a d e f i n i t e  s e t  of  l i m i t a t i o n s .  

2. Role of s i m i l i t u d e  i n  hydraul ic  model test* 

m e  p r a c t i c a l  a p p l i c a t i o n  of s i m i l i t u d e  i n  hydrau l i c  model t e s t i n g  

i s  based on tho  r ecogn i t ion  t h a t  t h e r e  i s  no pure complete s i n i l i t u d e ,  

bu t  r a t h e r  s eve ra l  imperfect s i m i l i t u d e s  Nfiicb can be exp lo i t ed  a s  

required.  Based on a s s m p t i o n s  now w e l l  supported by experience t h a t  

any g i v m  can be  s impl i f i ed  i n t o  t he  i n t e r p l a y  of  two major 

fo rces ,  a p e r t i n e n t  s i m i l i t u d e  may be developed by t h e o r e t i c a l  means. 

Each of t h e s e  s i m i l i t u d e s  c o n s i s t s  of a  s e t  of t r ans fe renoe  r a t i o s  which 

may be appl ied  t o  model finc1:Ln~s t o  p r e d i c t  pro to type  behavior. 

I n  a d d i t i o n  t o  thoso hateinf; a r a t i o n a l  bas i s ,  t h e r e  a r e  o t h e r  

s i m i l i t u d e s  which a r e  devoloaed by experiment i n  t h e  model t o  be appl ied  

in s p e c i a l  cases  such a s  th:, p red ic t ion  o f  changes i n  bed conf igu ra t ion  



more r a t i o n a l  bas i s  f o r  t r ans fo roncc  of  experimental r e s u l t s  i n  such 

cnsas ,  t ! ~ e  c u r r e n t  procedure i s  based p r imar i ly  on empir ica l  r e l a t i o n s .  

In  s t i l l  other cnscs t i le  only S a s i s  f o r  p r e d i c t i n ~  prototypo behavior 

from model o x p c r i ~ a n t s  i s  one compounded of experience and i n t u i t i o n .  

Ths techniques which have bocn mastered by men cxperienced i n  t h o  f i o l d  
+ 

p e r n i t  -then t o  a d j u s t  and agply  model r e s u l t s  i n  6. n o n f o m l i z c d  manner 

f o r  n reasonnbl:; accu ra t e  p r e d i c t i o n  of  prototype .\ction. 

This v i m  of similitude, o r  s i m i l i t u d e s ,  stres:;es t h e  concept t h a t  

t h e  value of a model i s  i n  d i r e c t  proporbion -to tho accuracy wi th  which 

it demonstrates that phase of t h e  behavior  of i t s  pro to type  boing in-  

ves t iga ted .  The design, cons t ruc t ion ,  and operat ion '  oi' a model r o f i e o 2  

t h e  same view. 

3 .  Lfodel-prototme conparisons 

hlt!lov.gh t h i s  d iscuss ion  i s  mainly concerned wit11 t h o  p r a c t i c a l  

techniques ,?f' model 

t h c  va lue  0." models, 

t o s t i n g  t o  t h e  o x c l ~ s i o n  of  any ntter?.p.t a t  defending 
f 

a b r i e f  rasune of  t h e  resulJss  o f  model-prototypo 

conpu?iso2ls i s  included f o r  t h e  FurDose o f  orientin,.: t h o  r eade r  i n  t h i s  

soec ia l i zed  f i e l d .  

I;!oclol-prototypc conpnrisons have c l e a r l y  demonstrated :hat, almost 

without  cxoeption, t h e r e  i s  a corrcspondence of  behavior  w i t h i n  azd 
b 

u s u a l l y  w e l l  beyoric! t h o  oxpectcd l i m i t a t i o n s ,  The succeseC;ti opcrtithon 

o f  many structures whoso des igns  were developed o r  v o r i f i e d  by models 

a t t e s t  tile r e a l  va lue  of' t h i s  modern t o o l  of t h c  hJ-clraulic engineer.  

Correspondence 'oe.t;i;een :.:ode1 : jr ,G proto-l-po has been very s a t i s -  

f a c t o r y  and unusual ly c;orii-~:eto l'or ovorflow s p i l l m y  c r e s t s ,  valvas,  



t o  provide c a l i b r a t i o ~ l  curvcs bnsod on model r e s u l t s  i n  l i o u  of n c t u a l  

f i a l d  cn15brationo 

E:norgy dissipaters, inc luding  s t i l l i n c  bas ins  of var ious  w p e s ,  

designcd on t h o  b a s l s  of moclol f ind ings  havc been s u c c e s s f u l l y  operated 

in s u b s t a n t i a l  a g r e c ~ e n t  \ n t h  model indica t ions .  

Biver i r i? ravc~-? t  plans of tronendous m p i t u d c  have vol-kcd out  

su,zessful ly accordin;: t o  prcdictio:is based on nodo1 t o s t s o  

33c high e f f i z i c n c i o s  nnC: smooth-operating c h a r a c t e r i s t i c s  of t h e  

l a r g e  nodern tu rb inos  and pmps can bc kracor! t o  rnodol experiments. 

Tho .2mprou.~ments indicnted  k r  t h c  mocicls vrerc found t o  bc r e a l  whon t h o  

protcltjrpos were cor,s~t~-uctcd. To bc rnorc s p e c i f i c  a fm? rep rosen ta t ivc  

?:ode1 -protot;pc conparf so2s aro presented i n  reforcnco ( 19)  

S II?J Lf TUDE REQUIm.531'I '1s 

A thorough mdorsi;nnding of tlne p r i n c i p l e s  o f  s ini l l . t ;udc i s  e s s e n t i a l  

f o r  t h c  propcr  de s ign  and operation of any rr,odel, Complote s i m i l i t u d e  

r e q u i r e s  t h a t  two systems be goometr ical ly,  k inonn t i ca l ly ,  and clpam- 

i c a l l y  s imi lar .  

I. Ceonetr5.c s i m i l w i t y  

Bvo ob jec t s  o r  systazis are ~ c o m o t r i c a l l y  s i m i l a r  i f  tho r a t i o s  of 

a11 correapo~lding l i n e a r  dimensions nro  equnl. Xlis i s  indopondent of  

no t ion  or" any kind and involves only  s i n i l a r i t y  i n  folm, 

2 ,  K i n e m t i c  s i n i l a r i t ?  - 
K i n e m t i c  s i r t i la r i t ;?  i s  s in i lar i t - : r  of not ion.  3 lcn -the r a t i o s  of 

t h e  conponc_n,ts of  vclooi t ; ,  : ~ ~ I O ~ O ~ O ; O U S  po in t c  i n  thc  two rc1:itcd 



kinematically similar,  the  paths of homologous pa r t i c l e s  w i l l  then a l so  be 

geometrically similar.  

3 ,  Dynamic s M . 1 a r i . t ~  

Dynamic s imi l a r i t y  between two geometrically and kinemati.call;y si lnilar  

systems requires t h a t  the  r a t i o s  of d l  homologous forces (including the  

i n e r t i a l  force) i n  t he  two systems be t h e  same. 
/ 

The conditions required for  complete simili tude may be,developed from 

Newtonis second law of  motion: 

Ha " vector sum of forces = (Fg t( Fv f F t  f Fe) ................. (1) 
The term on the  l e f t ,  Ma, represents the  mass reaction t o  the  acting forces,  

and hence i s  considered herein as the i n e r t i a l  force. Fg i s  the  force imposed 

on a l i qu id  by gravity, as  represented by i t s  weight; F, represents t h e  

resul tant  of the  viscous f o r c e s , u  produced by shear between neighboring zones 

2' of flow. Ft i s  t h e  resul tant  of those forces connected with surface tension -/ 

which ac t  only on the '  surface of  a l iqu id ;  and F, represents those forces 

prcdueed by e l a s t i c  compression of the f luid .  

For complete s imi la r i ty  t h e  r a t i o  of the  i n e r t j a l  o r  reect ive  forces, 

model t o  prototype, must equal the r a t i o  of the vector  sum of t h e  ac t ive  forces: 

a, = ( F p  + Fv f Ft  + Fe), ................................ ( l a )  

M~ &P (Fg f Fv /. Ft  f FBIp 

- 
Not?: Nwnbers appearing, such a s  I/ and above, r e f e r  t o  the numbered 

references l i s t e d  a t  t h e  end of t h i s  chapter. 



t i v e l y  . 
Sat i s fac t ion  of equation ( l a )  requires tha t :  

hl %I = (eE)rn = v m  = ( ~ t j m  e r n  .. . .. . . . . . . . . . ( lb )  

"P aP (Eg)p ( F d p  (Ft)p (Pelp 

I t  
Although a l l  f l u i d  weights and masses a re  proportional under t h e  same 

gravi ta t ional  conditions, no model f l u i d  i s  known which has t h e  requis i te  

viscosity,  surface t;ension, and e l a s t i c  modulus t o  s a t i s f y  t he  conditions of 

equation ( l b ) .  Moreover, hidden i n - t h e  term f o r  viscous forces i s  t h e  e f fec t  

of bouqdary roughness which i s  equally d i f f i c u l t  t o  adjust  f o r  complete 

simiiitu.de . 
E-qerience has shown t h a t  it i s  not d i f f i c u l t  tc s a t i s f y  equation ( l a )  

as i t .  would a t  f i r s t  appear, as one o,r more of t h e  forces may not ac t  in t he  

flow occurrence i n  question, some .may act  only t o  a negl igible  amount o r  may 

be related t o  the  most prominent force. 331 fac t ,  f o r  a l l  p rac t ica l  purposes 

a par t icular  s t a t e  of f lu id  motion can usually be simulated i n  a model by 

co:lsidering o n l y  one of t he  forces on t he  r i gh t  of equation ( l a ) .  I n  at 

l e a s t  90 percent of a l l  hydraulic model s tudies ,  the  forces connected with 

surface tension and e l a s t i c  compression a re  r e l a t i ve ly  small and can be 

neglected safely.  Of t he  two remaining ac t ive  forces, one o r  the  other  can 

usually be eliminated as being of secondary importance. 

4. The F i ~ u d e  number 

When gravitational. e f f ec t s  predominate, a pert inent basis  f o r  s imil i tude 

can be established by equating the  r a t i o  of g rav i ta t iona l  forces t o  t h a t  of 

i n e r t i a  forces and neglecting t h e  other  forces i n  equation ( l a ) ;  t he  foliowing 

re la t ionship i s  thus obtained: 



where the subsc r ip t  r ind ioa tos  t h o  r s t i o  model-to-prototype. ?lze 

dimensionless expressiorl on the' l o f t  of  equat ion  ( 2 )  is  t h e  Froude number, 

and t h e  e q u a l i t y  o f  tho number i n  t h e  model and t h e  pro to type  i s  knovm , 

a s  t h e  Froude lew. It s t a t e s  t h n t  ,the r a t i o  of i n e r t i a  t o  g r a v i t y  f o r c e s  

i n  a model is  equal  t o  the  correspondine r a t i o  i n  t h e  prototype. 

The nodel-prototype ro l a t ionsh ips  f o r  ve loc i ty ,  t ime,  discharge,  

etc.  a r e  obtained d i r e c t l y  f r o m '  equat ion (2) .  For example, t h e  d i s c h a r p  

r a t i o  &r can bo obtained by combining tho  v e l o c i t y  r a t i o  wi th  t h o  nroa 

r a t i o :  S ince  Q = AT, t h e n  

This and o t h e r  r o l a t i o n s h i p s  a r o  l i s t e d  f o r  r e fe rence  i n ' T a b l e  1. 

Tho condi t ions  nssuncd i n  formulat ing the Frogtie law a r e  approxi- 

mated i n  khc case of turbulent:  f low wi th  a f r e o  r intar  sur face .  The 

e f f e c t s  of t h e  g r a v i t y  force  p r e d o n i n ~ t o  those  of v i s c o s i t y ,  su r face  

t ens ion ,  and e l a s t i c i t y .  E v e ~ j  s f f o r t  i s  m d e  i n  t h e  tiesign and opera- 

t i o n  o f  t!le model t o  n i n i n i z e  t h e  e f f e c t s  of t i l o  l a t t o r  t h r e e  fo rces ,  

e s p e c i a l l y  f r i c t i o n  o r  viscous e f f e c t s .  I a r g e  models and smooth 

boundaries a r e  h e l p f u l  i n  t h i s  regard. ';here t h e  f r i c t i o n  e f f e c t s  can  

n c t  bo ignored it i s  poss i5 l e  t o  make cornpe:tsating ad jus tnen t s  which 

nil1 be discussed In t e r .  Tho Froude s i n i l i t u d e  i s  used nore  widely 

than  a l l  o t h e r  t ; ~ > o s  combined. 



t 

Vhen viscous f o r c e s  predominate a s i g n i f i c a n t  b a s i s ' f o r  s i m i l i t u d e  

m y  be obtained by oquat inc tl ie r a t i o  of viscous forcos  t o  i n e r t i a  

fo rces  and n e g l c c t i l l ~  o thor  t o m s  i n  equat ion  ( l a ) .  Rcpressntinf;  t h e  

viscous f o r c e  3y i t s  equiva lent .  Fr = P L  TT t h o  r a t i o  bocomos 

P l'i'inenore i s  t h e  r a t i o  of k i n o m t i c  v i s c o s i t y  of t h e  model and 

prototypo f l u i d ,  a l s o  designated by v r .  The d iaens ion le s s  express ion  

on t!lc l o f t  of c q q q i t i o n  ( 3 )  i s  the Reynolds numbor and t h e  e q u a l i t y  of 

the numilor i n  khc r:lodol nrld prototype i s  ho: .m a s  t h e  R e p o l d s  1 .  The 

nodei -pro tokne  r e l a t i o n s h i p s  f o r  v e l o c i t y ,  t i n e ,  d ischarge ,  e t c .  may be 

dorived f r a n  equat ion ( 3 )  and n l -e  l i s t e d  i n  Table 1. 

Steady f l o ~ ?  S;hroui;h a pressure  conduit,  o r  f low around a deeply 

submcrgcd bod;., a t  ol-di:lzry v o l o c i t i o s  occurs under co11dii;ions t o  which 

t h e  Regnicrlcis lnvr i s  appl icable .  It can be demonstrated thnt khe &rar i ty  

forcos  cancel  arid do n o t  cf'feot t he  flow pa t t e rn .  The absence of a 

f r e e  water  surfnco precludes t h e  e f f e c t s  of sur faoe  t;ensiono Steady flow 

co:~c;litions e l imina te  t i ~ c  ~;eed f o r  considernkion of e l n s t i c  e f f e c t s  unless  

thc v e l o c i t i e s  a r o  unusual ly ln rgc  csnpc-red t o  t h e  c e l e r i t y  of a com- 

p res s ion  wave. It i s  i n p r a c t i c a l  t o  conple tc ly  s a t i s f y  thc  Reynolds law,  

but +this does no t  seriously a f f e 3 t  t he  usefu lness  of t h e  s i n i l i t u d e ,  a s  

i~~ i l l  be siiown subsequently, i n  t h o  d i scuss ion  of closed-conduit models. 

The condit ions under ~ ~ h i c h  t h c  Froudo and b y n o l d s  lwrs rnust be conpro-. 

n i sed  ::rill be d i s c ~ ~ s s e d  i n  appropr i a t e  sec t ions .  



\'hen sur face  t ens ion  f o r c e s  predominato t h e  p e r t i n e n t  s i m i l i t u d a  

i s  obtacned by equnt inc  t h e  r a t i o  of t h e  sur face  t e n s i o n  fo rces  t o  tile 

i n e r t i a  fo rces  neglectin[; t he  remaining terms i n  equat ion ( l a ) .  

*;hen t h e  express ion  f o r  su r face  t e n s i o n  f ' o rco ,d  Ft = where o 

i s  t h e  t e n s i o n  per  u n i t  length ,  i s  s u b s t i t t ~ t e d  i n  equntion ( l a ) ,  t h e  

follovring r a t i o  between i n e r t i a  and su r face  t e n s i o n  i s  obtained: 

This  dimcnsioxless pnrnmeter i s  h o ~ m  a s  t h e  ??ieb&r number. The e q u a l i t y  

of t h e  nuinber i n  madcl an2 prototype i s  lzno~vn as the Veber law. 

Since t \ o  Iicber law i s  r a r e l y  used i n  nodol t e s t i n g ,  t h e  r e l a t i o n -  

sh ips  based on equat ion ( 4 )  a r e  no t  included in  Table 1. Thoso cases  
J 

wherein su r face  t ens ion  fo rces  dominate the motion, such a s  c a p i l l a r y  

waves i n  slnall c!lan:lcls, c a p i l l a r y  movo!nant i n  s o i l s ,  e t c .  a r e  soldon 

encountered a s  engineering problcms and a r e  hence considcrod t o  bo 

s p c c i a l  cases beyond t h e  scope of t h i s  d iscuss ion .  Surface  t e n s i o n  e f f e c t s  

do i n t r u d e  themselves a s  troublesorno ft!:tors i n  mod01 t o s t i n g ,  bu t  t h e s e  

e f f e c t s  can u s u a l l y  b? ninirnized. 

7. The Each number 

IJeglect of a l l  fo rces  o t h c r  than  those  r e s u l t i n g  from e l a s t i c  com- 

p res s ion  permits the  d o r i m t i o n  of another  dimcnsio:lless parameter which 

i s  va r ious ly  h o r m  a s  tila kbch, o r  C a ~ ~ h y n u m b e r .  Tihen PC i n  equat ion  

( l a )  i s  replaced lr- i t s  oquivalont ,  95', ~*rhere E is  t h o  bulk rnodu- 

lous  of  the f l u i d ,  t 5 e  f01lo~ri.n: cx7rr:ss;on is  obtained:  



The dimensionless parameter V i s  known as t h e  Mach number 

w 
and i t s  requi red  e q u a l i t y  i n  model and prototype i s  c a l l e d  t h e  Mach law. 

Except f o r  cases 'of unsteady flow, e s p e c i a l l y  water-hammer , problems, 

t h e  s imi l i t ude  based o n ~ t h e  Mach number has  l i t t l e  a p p l i c a t i o n  i n  hydrau- 

l i c  model t e s t i n g .  Since most water-hammer problems y i e l d  r e a d i l y  t o  

a n a l y t i c a l  methods,, moreover model s t u d i e s  a r e  r a r e l y  needed. On t h e  o t h e r  

hand, aerodynamic t e s t i n g  has  l e d  t o  an extens ive  development i n  t h e  use  of  

t h e  Mach law9 t o  dea l  wi th  problems involv ing  t h e  f low o f  gases a t  v e l o c i t i e s  

exceeding t h e  speed of  sound, and water-entry problems of b a l l i s t i c s  

have r ecen t ly  brought t h e  ana lys i s  of l i q u i d  f low t o  t h e  same s tage .  

8. Other dimensionless nuxzbers 

There a r e  two s d d i t i o n a l  parameters which a r e  u s e f u l  i n  hydraul ic  

model t e s t i n g .  These Eire the c a v i t a t i o n  number and t h e  Kar- nuxuber. 

The c a v i t a t i o n  number serves  as an index by which t h e  experimenter can 

p r e d i c t  t h e  e f f e c t s  of c a v i t a t i o n  i n  t h e  prototype. The H a r m  numbar 

o f f e r s  a  mans o f  e s t a b l i s h i n g  t h e  same type of  t u r b u l e n t  f low i n  t h e  

model a s  e x i s t s  i n  t h e  pro to type  and i s  u s e f u l  i n  t h e  design o f  r i v e r  

models. These numbers m l l  be d iscussed  i n  t h e  s e c t i o n s  t o  which they  

s p e c i f i c a l l y  apply, 

For a more comprehensive t rea tment  o f  hydraul ic  s imi l i t ude ,  r e fe rence  

( 3 )  i s  recommended, 





blodel techniques can be defined a s  t h e  p r a c t i c a l  procedure, based 

on theory and e-uperience, by t h e  s i m i l i t u d e  r e l a t i o n s h i p s  a r e  

tlpplied in t h e  design and opera t ion  of hydraul ic  models and %he i n t e r -  

p r e t a t i o n  of expcrirncntal r e s u l t s .  A model s tudy trill y i e l d  valuable 

information if the accepted  techniques a r e  a p p l i e d  wi th  c a r e ,  pa t ience ,  

and accuracy. Tne f obloxing d iscuss ion  dea l s  w i t h  g e n e r d  ?rocedures. 

Specia l  techniques v r i l l  be discussed under s p e c i f i c  t ypes  of models. 

1. Planniug and c m s t r u c t i o n  of models 

The f i r s t  step i n  designing a  model i s  t h e  s e l e c t i o n  o f  n sca le  

sucll t h a t  t h e  s i i i ~ i l a r i b j  of a c t i o n  being s tud ied  i s  preserved i n  t h e  

model. CustoAmry p r n c t i c o  i s  t o  s t a r t  with geometr ic  s i m i l a r i t y  

un le s s  the re  i s  some d e f i n i t e  purpose t o  bc served  by using a d i s to r -  

t i on .  The sca l e  of a  model u sua l ly  r e f e r s  t o  t h c  sca l e  r e t i o  of l i n e a r  

dimensions. Zconony considerations d i c t a t e  t h a t  t he  mcdel be a s  small 

a s  poss ib l e  and s t i l l  y i e l d  v a l i d  r e s u l t s ,  b u t  t h e  burden o f  proof t h a t  

t h e  r e s u l t s  of a  m a l l  model a r e  v a l i d  can be troublesome and time 

consuming. Current p r a c t i c e  i s  t o  f o l l o x  precedent ,  when ava i l ab le ,  

and t o  e r r  on the s i d e  o f  overly l a r g e  nodels ,  so  far a s  t h i s  i s  

permi t ted  by t h e  l i m i t a t i o n s  of a v a i l a b l e  p a c e  nnd v r ~ t e r  supply. 

The f o l l  -wing rrlqces of s c a l e s  have boen used success fu l ly  i n  

mar/ model s t u d i e s  and a r e  recommended f o r  use  a s  a p o i n t  o f  depar ture  

i n  t h e  determination of s c a l e s  i n  any given case .  Spi l lways f o r  l a r g e  

dams m y  be s tudied  on nodels  wi th  sca l e  r a t i o s  i n  t h e  
I 

r m g e  i r o n  1:30 t o  1:100. Xodals of canal s t r u c t u r e s ,  va lves ,  and 

g a t e s  wi th  scnles  of 1:5 t o  1:25 have provud t o  be adoquato. 



g a t e s ,  or conduits  i n  general  should be l a r g e r  than 4 inches  i n  diameter:  

nodels  of canal s t r u c t u r e s  should excecd 4 i nches  i n  average width; and 

spi l lway models should be sca led  so t h a t  normal heads over the  c r e s t  

exceed 3 inches. 'Ahen m ~ d e l s  smaller than  t h e s e  s i z e s  a r e  used it i s  

d i f f i c u l t  to  bu i ld  them t o  say nothing of t h o  p o s s i b i l i t i e s  of i n t r o -  

ducin;; s imi l i tudo  de fec t s .  Valves and g a t e s  t o  be used i n  tleveloprnent 

experiments,  or f o r  r a t i n ?  of prototype c o n t r o l  devices should be at l e a s t  

6 inches i n  diameter ( p i p e ' s i z e ) ,  

D i s t i n c t  economies may be r e a l i z e d  by choosing model s ca l e s  so that; 

s tsndnrd pipe can be used f o r  tunnel  and conduit  nodels ,  P a r t s  of 

discc-rded modeis, such a s  gc tos  and valves,  nay of t e n  be used t o  ad-  

v n n t a ~ e ,  The odd s c a l e  r a t i o n s  which nay r e s u l t  from such p r a c t i c e s  

a r e  no t  object ionabl:  , 

The data  f o r  plannincc, c model should i n c l u d e  a n  over-a l l  plan f o r  

the proposed or  exist in^ s t r u c t u r e ,  s u f f i c i e n t  d e t a i l  t o  determine the 

shnpe and chs rac t e r  of a l l  su r faces  ovar vlhich the  flow w i l l  pass ,  and 

c conplete  desc r ip t ion  of proposed opernt ing condi t ions ,  with a water- 

s t a ~ e  dischurge curve f o r  t h e  r i ve r ,  For c e r t a i n  types c f  modals t h e  

topogrsphy of the  s i t e  and surroundicg s r e n ,  t ho  r e s u l t s  of foundat ion 

test ;  borings,  and thho l o c a t i o n  and d e t a i l s  of any other s t r u c t u r e s ,  

par.'cicularl;i hydraul ic  s t r u c t u r e s ,  nay a l s o  be necessary,  The problems 

t o  be i nvos t iga t ed  should brj thoroughly d i  scusssd  v l t h  t h e  ciesigniag 

engineers  f ami l i a r  w i th  the p r o j e c t ,  Tangible i n f o r m t i o n  and back- 
/ 

ground may of ten  t h u s  be obta ined  which \\ri l l  ?rova h e l p f u l  i n  so iv ing  



o u t l e t  works and still in^ bas in  it may be pe rmiss ib l e  t o  change t h e  

length  and depth, b u t  because t h o  t r a i n i n g  w a l l s  a l s o  a c t  a s  f o o t i n g s  f o r  

t h e  po~verhousc, t h e  vridth must remain unchanged, 

hccurnto and p r e c i s e  model dravrincs prevent  time-consuming e r r o r s  . 

i n  cons t ruc t ion .  Thesa d r a w i q s  may vary from b r i e f  sketches,  f o r  mora 

or  l e s s  r o u t i n e  cons t ruc t ion ,  t o  minutely d e t a i l e d  drawings of t h c  more 

c r i t i c a l  po r t ions  of t h e  models. Since i t  i s  necessary t o  ob ta in  

c r e a t e r  a c m r a c y  when bui ld ing  m a l l  models then ordinary craftsman a r e  

nccustomed t o  produce c a r e f u l  inspec t ion  should bo maintained t o  in- 

s w e  t h a t  t h e  r cqu i red  t o l e r a n c e s  a r c  mot ,  e x p e c i a l l y  i n  c r i t i c a l  p a r t s  

of t h e  model. 

I n  general ,  t h e  g r e a t e s t  accuracy i s  needed where r a p i d  changes 

i n  d i r e c t i o n  of f low occur, and i n  l o c a t i o n s  whore v o l o c l t i e s  a r e  r e l a -  

t i v e l y  hizh. Tho s t r u c t u r e  of t h e  nodal should be made s u f f l c i c n t l y  

f l e x i b l e  t o  allorv f o r  cons iderable  modif ica t ion  w i t h  a nininum of re- 

b u i l d i n ~ ,  For' i n s t ance ,  a  motiel vrith a s p i l l ~ v a y  bas in  s e t  on or  c l o s e  

t o  t h e  labora tory  f l o o r  vr i l l  r e q u i r e  ex tens ive  rebuilding i f  t he  bas in  

i s  t o  be lowered. Provisions i n  t h e  o r i g i n a l  p lan  f o r  lowering t h e  bas in  

w i l l  a l i n i n n t e  major r o b u i l d i r q  and make t h e  lowering n rou t ine  adjustment. 

The model need n o t  be madc s t r i c t l y  lilcc tho  pro to type ,  If the 

su r faces  over which t h e  water  flows a r o  reproduced i n  shape, t h e  model 

v t 1 1 1  usua l ly  serve i t s  purpose. Model sp i l lways  my be sheet-metcl f a c e s  

over franlnp,,  or may be solid concre te ,  River beds or cana l s  na:: be 

r ~ d e  of cement norrlnr on n c t n l  l a t h ,  or of propcr ly  urrtxngtld sand and 



and r e s u l t s  d e s i r e d  w i l l  a f f e c t  t h e  c h o i c e  of methods f o r  c o n s t r u c t i n g  

t h e  modol vrhich a r e  t r e a t e d  i n  d e t a i l  i n  r e f e r o n c e  ( 3 ) .  
- .  

'Ihe s t a g e  of t h e  t e s t i n g  program w i l l  o f t e n  deturmine t h e  nece s sa ry  

accuracy  of cons t ruc t i on .  I n  e a r l y  t e s t s ,  vrhare many schemes a r e  be ing  

s t u d i e d  t o  determine t h e  ovo r - a l l  f e a s i b i l i t y ,  c o n s t r u c t i o n  need n o t  be 

a s  f i n i s h e d  as i n  t h e  f i n a l  s t a g e s  where t h e  dntu ob t a ined  a r e  t o  be 

used f o r  des ign  and ope ru t i on  of t h e  p r o t o t y p e  s t r u c t u r e .  

Instruments a r e  nece s sa ry  a d j u n c t s  t o  model t e s t i n g ,  Their  p roper  

i n s t c l l c t i o : ~  and u s e  cannot  b e  ovoremphasfzed, Comparison of mensure- 

ments c o n s t i t u t e s  t h e  dec id ing  f a c t o r  i n  many hydrau3ic  d t s igns .  Pro- 

v i s i o n  should be made f o r  s u i t a b l e  i n s t r u n e n t a t i o n  w h i l e  t h o  model i s  

i n  t h e  desi;:n stace, P i e z o n e t e r s  m e  r e l c t i v e l y  easy  t o  i n s t a l l  du r ing  

i n i t i a l  c o n s t r u c t i o n  vrhorqas e x t e x s i v e  remodel ing may be riecessary t o  

accornodnte them a f t o r  +he model i s  com?leted,  The numbor and l o c n t i o n  

of measuring s e c t i o n s  and p iezometers  should  be c a r e f u l l y  planned s o  

t h a t  t h e  muasuremsnts w i l l  complet2ly  d e f i n e  t h e  a c t i o n  bein:- s t ud i ed ,  

P iezometers  a r c  cheap, and should  be p rov ided  i n  Generous numbers t o  

o f f s s t  urr; c v c r s i ~ h t  I 3  definin:; t h e  c r i t F c a l  po in t s , ,  I t  i s  ~ m p o r t a n t  

t h n t  p iezornet t :~  openincs  tc; f l u s h  vd th  the s u r f a c e  and be smoothed 
L 

i n s i d e  cnd o , ~ t  t o  e l i n i n n t e  b u r r s  whlci, c c ! ~  criusa o r r  oneous read ings .  

2. U t i l i z a t i o n  of d i s t o r t o d  s c a l e s  

l l i s t o r t s d  s c n l e s  a r e  used  vhon cr d i s t o r t i o n  s e r v e s  some d e f i n i t e  

o l l j e c t i ve  c r ~ d  t hc  r o s t ~ l t n  E r e  l i r n i t e d  t o  th is  o b j e c t i v e .  Geometric 

d i s t o r t i o n  i s  u s l l a l i y  r o q l ~ i r e d  I n  models of r i v c r  chacnels ,  f ? o o c i v i ~ ~ ~ s ,  



p r o p o r t i o n  t o  t h o  v e r t i c n l  onos. I n  such ca se s ,  t h e  h o r i z o n t a l  scales 

a r e  l i m i t e d  k y  space and c o s t  r e s t r i c t i o n s ,  Yjhon t h e s e  scales r e s u l t  

i n  lrlodel dep ths  and  s l o p e s  vrhich.are t o o  mall  t o  yie1.d s i g n i f i c a n t  

r e r l ~ l t s ,  a v e r t i c a l  exaggeration o r  n d i s t o r t e d  v e r t i c a l  s c a l e  i s  

roy t l i red ,  hlany v a l u a b l e  s t u d i e s  have beon made rritli d i s t o r t e d  models, 

( a )  Some of t h e  advan tages  of geome t r i c a l l y  d i s t o r t e d  modela ere :  

( 1 )  Sufficient t r u c t i v e  f o r c e  can be  developed i n  t h e  model 

t o  produce bed-load movement vrith a r ea sonab ly  smal l  model.' 

( 2) 7iater-s lxf  ~ c e  s l o p e s  and vrave h e i g h t s  are e r agge re t ed  

and t h e r e f o r e  easier t o  meuswe,  

( 3 )  E x g g e r a t e d  s l o p e s  a c t  t o  off  s e t  t h e  f a c t  t h a t  t h e  f r i c t i o n a l  

r e s i s t e n c e  of a model 1 s  u s u a l l y  t o o  l n r g e ,  

(4 )  Opera t i on  i s  s i m p l i f i e d  by t h e  smal le r  model, 

( b) Certe.ir. d i s r d m n t n g e s  yrI;ich a r e  i n h e r e n t  i n  ( : i s t o r t a d  models  

w e :  

( 1 )  V e l o c i t y  und enclvpj distribution may 5e s e r i o l ~ s l y  d i s -  

t o r t c d .  

( 2 )  Slopn of cuts and f i l l s  arc oftec too s t c e p  t o  bs r o l d e d  

i n  sa3d o r  e rod j  ble n i t e r l a l .  

( 3 )  A model wave mag d l f f e r  i n  m o  and  pcjss ibly  i n  a c t i o n  

from t h a t  of t h e  p ro to type ,  

(4)  Tfier-e i s  an unfavorable  ysychologi.ca1 e f f e c t  on t h e  ob- 

s e rve r  vrho vlovrs d i s t o r t e d  models, 

3, Xodel ope ra t i on  

In most nodel  problems t h e  opera- bin^ prol;r.m~ i s  obvious  or has 



t o s t  i s  u sua l ly  an opera t ing  problem of one kind or  nnother . The program 

should be c a r e f u l l y  planned t o  be su re  t h a t  p rov i s ion  has been made f o r  

a l l  contingencj.es. On a n  und i s to r t ed  modal t h o  opera t ion  p r  ogrnm can 

ba divided i n t o  two phases; adjustment and t o s t i n g .  I n  t h e  case  ,of' a 

di 'stortod model, e s p e c i a l l y  i f  it i s  t h e  movnblc-bed m e ,  a n  i tem of 

v e r i f i c a t i o n  m u s t  a l s o  be considered i n  t h e  adjustment phase, 

Adjustment of t he  model c o n s i s t s  of p r e l i m i n ~ r y  t s s t s  whose pur- 

pose i s  t o  rcvool  any de fcc t s  i n  the  nodel  and t o  e s t a b l i s h  i t s  adequacy. 

This phase of opera t ion  should not  bc h u r r i e d  because it i s  important  

~ n d  economical t o  spond vrhatever tintc i s  r e q u i r e d  t o  e s t a b l i s h  %hat; t h e  

model behaves a s  intended and t h a t  t ho  ins t rumenta t ion  i s  s a t i s f a c t o r y .  

Usually sevcro l  minor changes i n  moue1 design a r e  ind ica t ed ,  such a s :  

t h e  s h i f t i n g  of or a d d i t i o n  t o  t h e  measurin2; equipment, t h e  change i n  

ero.liblc m a t e r i a l ,  o r  r i  p a r t i a l  redesi::n of a model component, D u r i r q  t h e  

pre1iminr .r~ t e s t in i ;  t h e  experimenter becomos acquainted vrith tho  

id iosync ras i e s  of t h e  model. I n  a d d i t i o n ,  it i s  o f t en  p o s s i b l e  t o  

e l iminate  obviously inadequet .  designs i n  t h o  pre l imincry  t e s t s .  When 

tho model i s  of tflc novcblo-Sod t ype ,  t h e  edjustmont phase i n v o l v ~ s  

v e r i f i c a t i o n  t e s t s  i n  vrhich tho  recorded a c t i o n  of a  prototypo i s  dupl i -  

ca tod  i n  the model. Because such t e s t s  c.re o r t o n  t h o  only b a s i s  f o r  

si;nili trtde, v e r i f i c a t i o n  i s  an e x t r m c l y  in_r.ortant p a r t  of model opera- 

t i on .  I t  w i l l  be discusscd more f u l l y  under t h e  t o p i c  of noveble-bed 

model S. 

Testing c o n s i s t s  of t h e  sys termt ic  operut ion of ee.ch proposed 



t o  improve t h e  design, reduce t h e  c o s t  of cons t ruc t ion  of t h o  prototype,  

or  both, It i s  importcnt t h a t  t h o  exporimenter use care ,  pa t i ence ,  . 

ingenui ty ,  and imnginntion, and t h a t  ho be rablo t o  i n t e r p r e t  t h e  model 

r e s u l t s  c o r r e c t l y .  I t  i s  vrise f o r  him t o  worl.: i n  c lose  cooperat ion 
' 

with the  designing cngineors ,  sinco lreoping n l l  i n t e r e s t e d  p a r t i e s  in-  

formed will ar e s u l t  i n  more i d e a s  f o r  the  determinat ion of a d e f i n i t e  

nnd s a t i s f n c t o r y  t e s t  program. The t e s t  d a t a  should bo analyzed con- 

curre:ltly wi th  t h e  t e s t i n g  t o  el iminato unsound r e s u l t s ,  Such an 

a n ~ l g s i s  a l s o  m k e s  it poss ib l e  t o  reduce the  m o u n t  of da t a  necessary 

t o  a  so lu t ion .  When boss ib l e ,  f u n c t i o n a l  r e l a t i o n s h i p s  amone t h e  d i f f e r e n t  
$ 

v a r i a b l e s  should be app l i ed  t o  t h e  da ta  t o  a i d  i n  spo t t ing  erroneous 

clensur emonts. 

Since t h e  end product  of any model s tudy i s  t h e  r e p o r t  t r a n s m i t t i n g  

tho  f i n d i n g s  and r ecomenda t lons ,  it i s  e s s e n t i a l  t h a t  t he  experimenter 

~ a i n t a i n  a complete and accura t e  s e t  of no te s ,  inc luding  n d i e r y , .  Nega- 

t i v e  a s  we l l  a s  p o s i t i v e  r e s u l t s  n u s t  be recorded. A complete photo- 

grephic  r eco rd  of a l l  important  t e s t s  i s  indispensable  t o  a  convincing 

r e p o r t .  I n  a d d i t i o n  a  conple te  set of photographs m y  nany t imes el imi-  

na t e  t h e  necess i ty  of repeatin;; R s e r i e s  of t e s t g .  

4. L i n i t a t i o n  end  i n t e r p r e t a t i o n  of r e s u l t s  

No ma t t e r  how c a r e f u l l y  a modol i s  designed and construc.ted, it does 

n o t  con t r ibu te  Rn automatic so lu t ioc ,  b u t  provides  &?.ta and i n f o r m t i o n  

~;:rf:ich r e q u i r e s  in t e l l i f . cen t  i n t e r p r e t a t i o n  based ugon t h e  exporimenter 's 

knowledge of bas i c  mechznics and h y d r ~ u l i c s  as wel l  a s  ?yon his experience,  



t h o  l i n i i t e t i o n s  of t h o  s i n i l i t u d e  p r e v n i l i n g ,  i s  t h e  most c r i t i c a l  phase  

of t he  model study. ' f i i l e  any model se rvos  a s  a v e h i c l e  f o r  demons t ra t ion  

of f'undmlontal p r i n c i p l e s  t h a t  app ly  e q u a l l y  w e l l  t o  a  p ro to type ,  any 

d i r o c t  t r a n s l a t i o n  of r e s u l t s  must bo accomplished w i t h  r e s t r a L n t .  A 

rnodel i s 'des igned &nd opora ted  accord ing  t o  a s i m i l i t u d e  which i s  

u e c o s s n r i l y  l i m i t e d ,  and t h e  l i m i t a t i o n s  n u s t  be r a s p c c t o d  i n  t h o  Fre- 

d i c t i o n  of ~ ro to$ -pe  behavior .  For example, i n  u s i c g  t h e  Froude s i n i l i a -  

tude  which i c n o r e s  t h e  e f f e c t  of v i s c e s i Q  any a c t i o n  i nvo lv ing  f r i c t i o n a l  

r e s i s t a n c e  should  n o t  be s c a l o d  t o  p r o t o t y p e  t e r n s  .::.ithout a d j u s t i n g  for 

t h e  d i s t o r t e d  node: f r i c t i o n .  The v g r i o u s  exped i en t s  by which s i m i l i t u d e  

d e f e c t s  may be  o d j u s t e d  i n  i n t e r p r e t i n g  model r e s u l t s  w i l l  be cliscussod 

under a p p r o p r i a t e  t o p i c s .  

Closod-conduit  f l o ~ v  i s  dic4,inguished by t h e  nbsence of' a f r o e  

~ s a t e r  s u r f c c e  or  a t  l e a s t  ly t h e  absence of t h e  e f f e c t s  of n f r e e  vrcter 

surfcce.  The l c t t e r  c o n d i t i o n  p r e v a i l s  i n  t'no c a s e  of f l ow  around n 

deeply submerged b0dj.e I'ho absence of a f r e e  wate r  s u r f a c e  i n t r o d u c e s  

r,n npp rec i aP l c  s i n p l i f i c e . t i o n  i n t o  s i m i l i t u d e  c o n s i d e r n t i o n s ,  Tho f orcea  

c? g r n v i w  a r e  everpwhere ba lanced  and surf'ace t e n s i o n  i s  not; involvad.  

There remains  oniy t h e  v i s cous  and i n e r t i a  f ol.ces, and i n  t h e  c a s e  of 

unstcady flow:., o l a s t i c  f o r c c s .  I n  s ten* c losod-condui t  f low t h e  Hoynolds 

l a ~ r  specificcl1;r  ap? l i t ?s ,  I f  -hvo systems hava s i n i 1 : ~ r  b o ~ z n ~ i e ~ r i e s  OF t h e  

cnn3 r s l c t i v c ?  rour:hnezs, th t j  f lows m i l l  bo sirci l ~ r  i n  ever:; d e t a i l  when 

t h e  Rcynolds numbers a re  equnl ,  I n  m o s t  c a s e s ,  i t  i,? i n p r a c t i r r l ,  i f  



a ra ther  coniplete simili tude can be obtained by approdmating the  eq&ity. 

1, Representation of ~ r o t o t ~ p e  res is tance 

The most d i f f i c u l t  pmblemin  closed-conduit models i s  t h a t  of 

accornplishing a t r u e  representation of prototype resistance.  The e f f ec t s  of 

f l u i d  resistance i n  models of closed conduits a re  best  presented by re fe r r ing  

t o  a Reynolds number--friction coefficient--graph. Flow along a boundary may 

take one of three  forms: (1) laminar, (2) smooth-;dl turbulent,  and ( 3 )  

rough-wall turbulent.  The pronounced difference in t he  res is tance l a w  f a r  

each t n e  of flow necessari ly influences model procedure. 

'&en the  Reynolds number of a prototype i s  l e s s  than 2000, as it may 

be i n  the  case of a s m a l l  conduit carming a r e l a t i ve ly  viscous f l u i d  l i k e  o i l ,  

t he  motion w i l l  be wholly laminar. I f  such motion is both steady and uniform, 

iner t i . a l  forces w i l l  not be involved, and complete s imil i tude w i l l  be a t ta ined  

under all conditions, I f  the  flow i s  e i t h e r  unsteady o r  non-uniform, however, 

i n e r t i a l  forces become important, and t h e  model should be designed t o  have t h e  

same Reynolds number as  i t s  protot.ype. The simili tude relat ionships f o r  such a 

study, which derive from t h e  Reynolds law, have been l i s t e d  i n  Table 1, 

In t h e  majority of model studies the  Reynolds number of t h e  prototype 

w i l l  range between values of 1,000,000 t o  20,000900Q, rhich i s  well beyond 

the  t r ans i t i on  zone between laminar and turbulent flow. In this 

Reynolds nmber  range t h e  roughness of t h e  prototype boundary i s  a 



resistance will prevail .  Complete Reynolds simili tude requires not only 

t h a t  the  res is tance coeff ic ient  of model and prototype be equal but as well 

t h a t  t he  .type of res is tance be the  same. When t h e  p r o t o t ~ e  boundaries a re  

hydraulically smooth t he  model boundaries a re  l ikewise made smooth, but equal 

resistance coef f ic ien ts  will be obtained only i f  the  Re,ynolds numbers a r e  t h e  

same. I f  t he  Reynolds number of the  model i s  lower - as i s  of ten  necessari ly 

t h e  case - t he  resistance w i l l  be disproportionately h igh , in  t h e  model and 

must be adjusted according t o  theory when prototype behz-~ior i s  predfLct&. 

When the  prototype boundaries a re  r e l a t i ve ly  rough, on the  other hand, t he  

mode of flow $11 generally be rough-turbulent:, which i s  characterized by a 

constant res is tance coeff ic ient  equal t o  t h a t , o f  t h e  prototype - f o r  t h e  same 

r e l a t i ve  roughness - and the  r e su l t s  may be t ransferred without I-eservations. 

When the  required value of _R cannot be obtained in the  model, which 

i s  the  usual case, t he  following expedient may be used, The res is tance 

coeff ic ient  of the prototype can be duplicated i n  the  model by making the  . 

model r e l a t i ve ly  smoother than the  prototype. This equality w i l l  only 

ex i s t  for  a pa r t i cu l a r  discharge o r  value of It, because the  model w i l l  have 

a mode of flow d i f fe r ing  from t h a t  of t he  pmtotype. For a l l  other  discharges 

t h e  res is tance coeff ic ient  w i l l  be higher o r  lower than t h a t  of t h e  pmtobype, 

and t he  data  w i l l  hence require adjustment before transference t o  t h e  

prototype. 

Although it is  highly desirable  t o  arrarige a close representation 

of prototype res is tance i n  t h e  model, experience has ohown t h a t  the 



caused by n minor discroponcy i n  f r i c t i o ~ ~ a l  r e s i s t a n c e  w i l l  n o t  m a t e r i a l l y  

a f f o c t  t h e  v a l i d i t y  of t h e  model r e s u l t s .  I n  most modcl s t u d i e s  of 

engineering problems involvine gntes ,  va lves ,  t r a n s i t i o n s ,  o tc .  t h o  

i n e r 8 t i a l  e f f e c t s  o r  those  r e s u l t i n g  from changes i n  magnitude o r  d i r ec -  

t i o n  of v e l o c i t y ,  c l e a r l y  dominate t h e  f r i c t i o n  e f f eo t .  The oxoeptions 

u s u a l l y  involvs  long, l eng ths  of c o x l u i t  wherein +he d i f f e r e n c e  i n  f r i c t i o n  

c o e f f i c i e n t s  r e s u l t s  i n  s e r i o u s  d iscrepancias .  Usual ly arrangemellts can 

bo made t o  o f f s e t  such a condit ion.  For  example, i n  a model t e s t  of an 

o u t l e t  inc luding  a n  entrance,  a conduit,  and a vnlvc o r  ga te  a t  t h o  end 

o f  t!!e l i n e ,  t h e  problem u s u a l l y  r e q u i r e s  d o t a i l e d  s tudy of t h e  entranoe 

and valve. A s  t h o  ent rance  is  shor t ,  the  f r i c t i o n a l  r e s i s t a n c e  i s  a 

minor f a c t o r  and may bo s a f e l y  ignored. The d i s t o r t s d  f r i c t i o r  l o s s  in 

the  conduit may be compensated by reducine; t h c  roughness o r  shortening 

t h e  length. F r i c t i o n  e f f e c t s  i n  t h e  m l v e s  w i l l  be negligible. Another 

way of approaching such a problen i s  t o  regard t h e  conduit  as an appurte-  

nmce f o r  t h e  s o l e  purpose of providing proper  approach c o ~ d i t i o n s  t o  t h o  

valve. Then a l l  d a t a  on t h e  va lve  performance a r e  r e l a t e d  t o  t h e  csndi- 

t i o n s  a t  i t s  entrance.  For example, t h e  d i scha rge  c o e f f i c i e n t  w i l l  be 

based on t h e  t o t a l  head one diameter  upstream from t h e  valve. Yhen t h e  

prototyype d i s c h a r i e  i s  predic ted  t h e  p e r t i n e n t  head w i l l  be computed on 

t h e , b a s i s  of  known o r  co~nputod prototype r e s i s t ance .  P res su re  d a t a  may- 

a l s o  be expressed i n  percent  of t h o  t o t a l  head 0x8 ditimcter upstrsam from 

t h e  valve. These porcentages which a r c  dimensionless nay be appl ied  

d i r e c t l y  t o  prototype condi t ions .  





number a r e  oqual i n  model and prototype i s  the re  d e f i n i t o  assurance t h a t  

I t h e  separa t ion  point  w i l l  be s i m i l a r l y  located. 

I - .  
It i s  good p rac t i ce  t o  vary t h e  v e l o c i t i e s  over a v i d e  range i n ' a  

model t o  e s t a b l i s h  t h a t  a t u r b u l e n t  l aye r  a c t u a l l y  p reva i l s .  This can 

be detec ted  3y an increase  in pressure  when t h e  l aye r  s h i f t s  from turbu- 

l e n t  t o  larninnr. 

3. Cavi ta t ion  s tud ies  

Ca-uitation i n  n hydraulic  s t r u c t u r e  ' resul t ing  from the  existenoe 

of pressures  approaching tho vapor tens ion of tho  f l u i d  a t  some po in t  in 

the  f low may cause: (1)  damage by p i t t i n g ,  (2 )  ser ious  v ib ra t ion ,  and (3 )  

marked c h a n ~ o s  i n  prassure d i s t r i b u t i o n  due t o  separat ion.  Tha p a r t i c u l a r  

e f f e c t  of c a v i t a t i o n  being s txd ied  deternines  tho  type  of mod01 t e s t .  In 

general,  -there a r e  two tecbaiques:  (1) operat ion of model a t  atmospherio 

pressure; and ( 2 )  operat ion a t  sca led  atmosphoro, o r  reduced pressure.  

i'ihen t h e  prokern involves the  p red ic t ion  o r  o l i m i m t i o n  of cavi ta-  

t i o n  eros ion, the  f i r s t  technique i s  su i t ab le .  Detailed measurements of 

pressure  d i s t r i b u t i o n  in  t h e  model w i l l  reveal  subatmospheric pressures 

xhich, sca led  t o  prototype terms, may approach vapor t ens ion .  This may 

be regarded a s  evidence of c a v i t a t i o n  i n  t h e  prototype. For example, 

t e s t s  of a model valve i n d i c a t e  suhatmospheric pressures of  5 f e o t  of 

Witci- at a model head of 50 f e e t ,  I f  thc  prototypo head i s  300 f e e t ,  . 
subatmosphorio pressures of 30 feet--approaclzing vapor pressure--my 

be predic ted  and cav i t a t ion  i s  poss ib le  i n  the prototype. In prtratioe 

the  madel shape vrould be revised  t o  e l i n i n a t e  t h e  stibatmospheric pros- 

sures,  o r  i n  s p e c i a l  cases vacuums not  to exceed one-half atmosphere i n  



one-half atmosphere are considered t o  be i n ' t h e  malm of po ten t ia l  cavi ta t ion 

s ince  i m e g u l a r i t i e s  of t h e  boundary may create l o c a l  reductions i n  pressure 

and thus  l o c a l  cavitation. In t h i s  type of t e s t i n g  the locat ion of piezometers 
i 

i s  of major importance. They must be located so t h a t  a l l  c r i t i c a l  areas will 

be delineated. In general, t h e  piezometer openings should be located in 

expanding sections, i n  curved surfaces, and downstream from discont inui t ies .  
\ 

The vibration and energy l o s s  e f f ec t s  of cav i ta t ion  can be studied best  

i n  reduced pressure models. Tests are performed i n  water tunnels 1/ o r  any 

closed system wherein t he  pressure a t  t h e  t e s t  sect ion can be &ntain.ed at 

any desired degree of vacuum. Such a t e s t  f a c i l i t y  makes it possible t o  

dupl icate  cavitat ion conditions i n  the  model by arranging equal values of 

t h e  cavi ta t ion number i n  model and prototype. The cavi ta t ion number may take  

many forms the  most useful  of which is :  

I where 

ho 
i s  the  piezoaetr ic  head a t  some reference section,  x; 

hv 
i s  the  piezom).-tric head corresponding t o  t he  vapor pressure of the  

model f l u id  a t  ambient temperature; and . 
v20 i s  the  reference ve loc i ty  head. - 
2g 

For the  same values of K i n  model ard prototype, the  pat tern  

of cavitation--and hence t he  flow efficiency--will  be the  same. 

Since the  frequency of v ibra t ion  and the ra te  of p i t t i n g  will vary i n  

proportion t o  t he  velocity,  however, and since the  physical properties 



pToper cons idera t ion  i n  p r e d i c t i n g  t h e  s t r u c t u r a l  behavior of  t h e  protytype 

from model t e s t s .  

Lo Problems of unsteady f low and compress ib i l i t y  e f f e c t s  

Problems i n  which compress ib i l i t y  of t h e  l i q u i d  i s  impor tant  a r e  

seldom encountered i n  t h e  hydraul ics  except i n  c a s e s  of unsteady flow. 

For  example, design and, opera t ion  of closed-conduit systems, such a s  pumping 

p l a n t  e f f l u e n t  l i n e s ,  power s t a t i o n s ,  and surge t anks ,  involve  knowledge o f  

t h e  e l a s t i c  behavior of  l i q u i d  and conduit under t r a n s i e n t  condi t ions ,  and 

d e t a i l e d  model s tud ie s  of  such problems must be based on t h e  Machrlaw of 

sirnil&i.de. However, most of t hese  problems can be handled adequately by 

a n a l y t i c a l  o r  g raph ica l  methods and model s t c d f e s  are seldom necessary. 

When the:; a r e  requirad,  u s u a l l y  i n  conjunction w i t h  a n a l y t i c a l  s t u d i e s ,  o n l y  

q u a l i t a t i v e  f indixgs  are involved. Under such cond i t ions  t h e  problem i s  

u s u a l l y  reduced t o  one o f  s t eady  s t a t e  a d  t h e  laws  o f  s i m i l i t u d e  previous ly  

d iscussed  a r e  appl icable .  For  example, the problem o f  e l imina t ing  ~larsming 

of f l a p  g a t e s  on pump and d ischarge  l i n e s  may be worked out  on a model ope ra t ed  

according t c  t h e  Froude l a w  without  represent ing  t h e  t r u e  pump and.conduit 

c h a r a c t e r i s z i c s .  Demonstration i n  t h e  model of  t h e  causa t ive  f a c t o r s  is  

u s u a l l y  an adequate b a s i s  f o r  developing ant i s lam devices  such as dash p o t s  

o r  a i r - i n  jec5ion eqdipnent, . 



The technique of open-channel nodele i s  complicated by t he  presence and 

e f f ec t s  of an open water surface which i s  f ree  t o  change i n  posi t ion and 

shape. Usually l i t t l e  is.known about t he  f ree  surface except t h a t  it i s  a 

surface of constant qressure comprising one of the  flow boundaries. The 

dominating force  i s  t h a t  of gravi ty  o r  weight, and thus t h e  Froude law of 

simili tdde i s  pert inent.  The solut ion of an open-channel problem involves t h e  

application of t he  Froude law with adjustment or  l imi ta t ions  and often reqcires  

scaled d i s to r t ions  t o  accommodate t h e  e f fec t s  of the  other  forces. 

Problems i n  open-channel flow involving hydraulic s t ruc tures  generally 

consis t  of t h r ee  parts: (1) overflow and underflow sections,  (2) t rans i t ions ,  

and (3)  energy diss ipators ,  any o r  a l l  of which may be included i n  a s ingle  

nodel. It i s  customary t o  careful ly  preserve complete geometric s imi la r i ty  

and model heads a re  adjusted t o  t h e  values required by t h e  Froude law. The 

t e s t i n g  technique as well as  t h e  in te rpre ta t ion  of model r e s u l t s  var ies  some- 

what fo r  the  d i f fe ren t  par t s  of a s t ruc tu re  each of which will be discussed 

separately,  Problems of r i ve r  hydraulics, on t h e  other hand, involve t he  

prediction o f  stage-discharge relat ionships,  scour and deposition, and t h e  

passage of floods, and can seldom be studied with undistorted models. Although 

the  Froude l a w  i s  s t i l l  t he  basic s imi l i tude-cr i t e r ion ,  surface roughness and 

viscous res is tance must be given care fu l  consideration. Each of these  f ac to r s  

will receive special  a t t en t ion  i n  t h e  l a s t  three  a r t i c l e s  of this section. 

i. Overflow and underflow s t ruc tures  

The most cornnion types of overflow and underflow s t ruc tures  a re  ,spill- 

ways and o u t l e t  works fo r  dams, diversion dams, sluiceways, canal in- * 

takes, wasteways, chutes, checks, and drops. These s t ruc tures  may vary 

g rea t l y  i n  size and shape but all embody a control  over o r  under which 

t h e  flow changes from l e s s  than c r i t i c a l  t o  g rea te r  than c r i t i c a l  velocity. 

The model boundaries generally consis t  of planed wood, sheet  =et,al, o r  

smooth concrete which a r e  acceptable a s  azz approximation t o  t h e  required 

26 



f r i c t i o n  i n  t h e  nodel  a r e  small  i n  comparison t o  tho  I n e r t i a l  e f f e c t s  and 

t h e  r e s u l t s  a r e  t r a n s f e r a b l e  w i t h  few reserva t ions .  Water-surface pro- 

f i l e s ,  prossuro d i s t r i b u t i o n  and v e l o c i t i e s  c l o s e l y  resemble those  of 

t h e  prototype f o r  both f r e e  and suhmergod flow. Rating curves obtainod 

from model c a l i b r a t i o n s  a r e  v a l i d  f o r  _prototype u s e  provided t h o  model 

c o n t r o l  s e c t i o n  conforms t o  t h e  previous recomendnt ions  as t o  s i ze .  

More p r e c i s e  c a l i b r a t i o n s  may be obtained wi th  enlarged s e c t i o n a l  models. 

Such models, which my have a s c a l e  r a t i o  of  1:5 t o  1:10, should be a t  

l e a s t  2 f e e t  in width and t h e  approach condi t ions  should b e  arranged w i t h  

c a r e o  The b e s t  shape of overflow p r o f i l e  a s , w e l l  a s  t h e  water-surface 

p r o f i l e  nay a l s o  be  obtained w i t h  a h igher  degree of accuracy  i n  such a 

model. 

'iYhen t h e  problem involves o v e r f a l l  shapes wi th  high c o e f f i c i e n t s  

and subatmospheric pressures ,  t h e  ex i s t ence  and e f f e c t s  of adverse  pres- 

s u r e  g rad ien t s  l i k e l y  t o  cause sepa ra t ion  should be inves t iga ted .  The 

procedure f o r  t h i s  purpose follows t h a t  previous ly  d iscussed  i n  conjuna- 

t i o n  wi th  closed-conduit models. The model should be s u f f i c i e n t l y  la rge ,  

poss ib ly  a s e c t i o n a l  model, t o  i n s u r e  v a l i d  boundary l a y e r  cond i t ionso  

In a d d i t i o n  t o  t h e  phys ica l  measurements, t h e  genera l  appearance 

of f low should be c a r e f u l l y  noted a s  it w i l l  o f t e n  indicake  t h e  need f o r  

r e v i s i o n  n o t  apparent  in t h e  phys ica l  da ta .  Poor approach condit ions,  

excess ive  end contracti.ons, and improper p i e r  design, which are u s u a l l y  

obvious, ma7 c r e a t e  d is turbances  which a f f e c t  W e  ope ra t ion  of  t h e  e n t i r e  

s t ruc tu re .  Small sur faoe  disturbances which i n  t h e  model appear t o  b e  
C 

a t t ached  t o  t h e  main shee t  o f  water  may i n  the proto type  become detaohed 



of ga te  pins nnd ~ o u n t e r w e i ~ h t s .  Al lownnc~ f o r  t h i s  s c a l e  o f foc t ,  vrhich 

cannot be placed on a r a t i o n a l  bas i s ,  i s  dependent on t h o  ope ra to r ' s  
. . 

oxpericnce and engineering judgment, 

2. T rans i t i on  s t r u c t u r e s  
r 

Trans i t ion  s t n ~ c t u r o s  a r e  designed t o  accomplish changes i n  f low 

f r o n  one s o t  of  condit ions t o  another.  They may c o n s i s t  of changes i n  

e l evn t ion  such a s  i n  chutes  o r  supcre lsva ted  channcls o r  of  changes in 

p lan  such a s  i n  canal  width and depth. lrIethods and i n f o n n t i o n  f o r  t h o  

design of t r a n s i t i o n  s t r u c t u r e s  a r e  no t i ceab ly  d e f i c i e n t .  For t h i s  

reason models of t r a n s i t i o n s  a r c  t r u l y  dosign t o o l s ,  e s p e c i a l l y  f o r  

s u p e r c r i t i c a l  flovr. For example, models supply r e l i a b l e  d a t a  f o r  t h e  

des ign  of superolevnted chaxmeis and chutes  vrith converging o r  diverging 

t r a i n i n g  mlls. The model d a t a  on water-surface p r o f i l e s  and p res su re  

d i s t r i b u t i o n  may be t r a n s f e r r e d  t o  tho  prototype b y  t h e  Froude r e l a t i o n -  

ships.  

i'fhen unusual ly l a r g e  d ive rgmcos  a r e  involved t h e  inf luence  of  t h e  

d i s t o r t e d  boundary l a y e r  on sepa ra t ion  should be inves t iga t ed  by t h e  

methods previous ly  discussed.  

In long f l a t  t r a n s i t i o n s  a d i s t o r t i o n  in s lope  o r  l eng th  may be 

requi red  t o  o f f s e t  t h e  d i sp ropor t iona te ly  high f r i c t i o n  r e s i s t a n o e  of 

t h e  nodole Thc d i s t o r t i o n  can be acco~nplished on t h e  b a s i s  of conputod r 

l o s ses  i n  model and protot;l?e a s  w i l l  be explained i n  conjunct ion  vrith 

fixed-bed models. 

';hen tho  prototype v e l o c i t i e s  a r e  high, a s  i n  the case of a long 

s t e e p  chute o r  spillway, t h e  shee t  of w a t e r . e n t r a i n s  apprec iab le  



which i s  known a s  in su f f  l a t i o n  i s  not  dup l i ca t ed  i n  t h e  ord inary  model 

based on tho  Froude s imi l i t ude .  Spec ia l  models wherein h igh  veloci.t;ies 
. . 

a r e  i n i t i a t e d  by p res su re  flow under a g a t e  d ischarg ing  i n  t h e  model chute 

may be used t o  nccomplish i n s u f f l a t i o n  f o r  q u a l i t a t i v e  s tud ie s .  is/ 
3. Energy d i s s i p a t a r s  

The t e r n  energy d i s s i p a t o r  i s  used i n  a broad sense  t o  inc lude  a l l  . 

types  o f  s t i l l i n g  bas ins  dosigned t o  p ro teo t  the main s t r u c t u r e  f ~ o m  

danagc by .the fast-flcmring water.  Although tho  purpose of a s t i l l i n g  

bas in  i s  t o  p r o t e c t  the main s t r u c t u r e  t h e  bas in  i t s e l f  should n o t  be 

considered expendable* The conventional  method of eva lua t ing  t h e  per- 

formance o f  n s t i l l i n g  brrsin des ign  i s  by t h e  general  appearance of t h e  

ac t ion .  This i s  e s p e c i a l l y  t r u e  f o r  pro l iminary  designs.  The presenoe 

of extreme turbulence,  waves, high-exi t  velocities, high-veloci ty eddies  

o r  pu l sa t ing  f low i n  t h e  downstream p o r t i o n  of  t h e  s t r u c t u r e  a l l  i n d i c a t e  

t h e  need f o r  refinement of des ign  o r  abandoment of t h e  schome. Each 

d e s i p  should be t e s t e d  over t h e  complete rango of d ischnrge  and t a i l -  

water  condi t ions*  Basins t h a t  do no t  have a f a i r l y  wide range of permis- 

s ' ible  t a i l m t c r  a r e  no t  p r a c t i c a l ,  o r d i n a r i l y ,  s i n c e  many udcnonm v a r i a b l e s  

such as degradat ion  of strearn beds o r  power-plant d ischarge  a r e  n o t  r e -  

.fleeted in t h e  p repa ra t ion  of t h e  t a i l w a t e r  curve. Refinement i n  designs 

of s t i l l i n g  bas ins  may be eva lua ted  by comparing measured v e l o c i t i s s ,  

wave he ights ,  p ressures ,  and oros ion  o f  t h e  downstream r i v e r  bed. !he 
, 

genera l  operat ion,  p r e f e r a b l y  recorded on photographs, w i l l  a l s o  h e l p  t o  

eva lua te  t h e  e f f ec t iveness  of  a p a r t i c u l a r  design. 



I i s  passod d i r e c t l y  from the  s t i l l i n g  basin i n t o  a n  unlinod canal  s i n c e  

I t h o  waves havo a des t ;n~ct ivc ,  e f f c c t  on tho s lopin& banks. Illaintenance 

- 4 c o s t s  can bo  roduced cons idsrably  i f  waves and surges can bo 11eld t o  a 

minimum.. I n  such cases it i s  o f t e n  d e s i r a b l e  $0 r e c o r d  wave heie;llts and 
I 

periodsby x o t i o n  p i c tu res ,  osci l logrnpll  records,  o r  o thor  ins tan taneous  

nethods . 
Tho nos t  i n p a r t i a l  c r i t e r i o n  a v a i l a b l e  w i t h  which t o  j u d p  s t i l l i n ~  

basin behavior  i s  t h a t  of  comparative erosion.  It my bo made e i t h e r  i n  

A. c ~ u a l i t a t i v o  o r  s emiquan t i t a t ive  manner. For pre l iminary  t e s t s  t h e  

qml i t a -k ive  method i s  u s u a l l y  s u f f i c i e n t ,  but be fo re  recommendations a r e  

made f o r  a f i n a l  des ign  it is o f t e n  advisable  t o  investigate e r o s i o n  

more caref 'ul ly by a s e a i q u a n t i t a t i v e  method, 

To nake q u a l i t a t i v e  e ros ion  s t u d i e s ,  n r o a d i l y  e rod ib le  sand o r  

o the r  m a t e r i a l  i s  used t o  r e p r e s e n t  the channel downstream f r o m t h e  

s t i l l i n g  basin.  The measurod depth and ex ten t  of e ros ion  i n d i c a t e s  t h e  

r e l a t i v e  e f f ec t iveness  of t h e  bas in  under t e s t  when conpared with e ros ion  

1 p a t t e r n s  from othcu. bas ins  i f  the same novnble-bed m a t e r i a l  i s  used, 

!i?lether o r  n o t  the eros ion  p a t t e r n  represents t h e  depth  o f  e ros ion  t o . b e  

expectad in tho  prototjrpe depends upon t h o  choice of  nodel-bod m t o r i a l  

an2 t h e  d u r a t i o n  o f  t h e  t e s t .  Regardless of  t h o  choice, however, t h e  

I nodei  w i l l  i n d i c a t e  thc  c r o s i o n  tcndcncy i f  enough t ime i s  a l l m o d ,  !i'ho 

model i s  operatod f o r  a t h o  i n t o r - n l  long onour:kl t o  devolop rnoasurable 

erosion.  This t i n o  i n t c r m l ,  vhich  has no fixod r o l s t i c n  t o  t h e  t i n e  

scale of  the Froude si-&ilitt:do, i s  used i n  +he evaluation of  a l t c m a t o  



prototypo e ros ion  u t i l i z e s  a s t i f f  mixture of sand, cement, and vmter as 

t h e  bed m i t e r i a l o  The r e s i s t a n c e  of t h e  m a t e r i a l ,  a s  determined b y  s a m ~ l e s  

i n  a small flume, can be va r i ed  by changing t h e  proport ions of  sand and 

coment. By t r i a l  and e r r o r  a mixture i s  obtained which begins t o  erode 

a t  a model v e l o c i t y  corresponding t o  t h e  est imated eroding v e l o c i t y  of 

t h e  prototype,  The model o ros ion  ?vith a  bed of t h i s  mi-xturc w i l l  approx- 

i m t e  the prototype e ros ion  t o  an ex ten t  which depends on t h e  accuracy of  

t h e  e s t i m t e  of eroding v o l o c i t y  f o r  t h e  prototype,  A bod n i x t u r e  cogs i s t -  

ing of 50 t o  100 p a r t s  of sand t o  one p a r t  of Lumnite c m o n t  t v i l l  produce 

a  d e s i r a b l e  s m i s t a b l e  m a t e r i a l o  It i s  important,  hovrevar, t h a t  t h e  mix-  

i n g  operatji.ons be prolonged (approximately 10 t imes that f o r  r e g u l a r  con- 

c r a t o )  t o  in su re  a uniform tex%uroo A s  t h e  Lunnite cemsnt gives approxi- 

nntely 28-day s t r e n g t h  i n  24 hours  l i t t l e  c h n n ~ e  i n  s t r e n g t h  w i l l  be  

evident  i n  t h e  bod mxte r i a l  a f t e r  t h n t  period. 

40 Fixed-bod channels 

P rob lem involving r e l a t i v e l y  long s t r e t c h e s  of e i t h e r  a canal  o r  

l 
a r i v e r ,  xhe re in  a c t u a l  changes i n  bed ccn f igu ra t ion  a r e  n o t  c r i t i c a l ,  

a r e  u s u a l l y  s tud ied  i n  fixed-bod modelso Tho in f luence  of w a l l  f r i s t i o n  

i s  g e n e r a l l y  of major i q p o r t ~ ~ n c e  i n  such problems and ccnnot be ignored 

o r  ad jus ted  vhon t h e  r e s u l t s  a r o  i n t e r p r e t e d ,  

Unless an largo model i s  involved a d i s t o r t i o n  i n  s lopo 

i s  rcqui rcd  t o :  (1) o f f s e t  t h e  d i s p r o p o r t i o m t o l y  h igh  f r i c t i o n ;  (2 )  t o  

. obt2 in  a s u f f i c i e n t l y  high va lue  of Reynolds n m 3 e r  :.ihich w i l l  i n s u r e  

t u r b u l c ~ t  flow; a r  ( 3 )  t o  accomnocinto the  node1 i n  t h e  a v a i l a b l e  space. 

In t h e  f i r s t  case tile v e r t i c a l  exaggerat ion i s  designad t o  compensate 



may be requlrod t o  compensate t h e  exaggerated model slope0 

The requirod d i s t o r t i o n  of s lope can b e  computed f rom t h e  Alanning 

oquat ion:  Y 

3 h e r c  V, R, and S r ep resen t  ve loc i ty ,  hydraul ic  r ad ius ,  and s lopeo 

r e s p e c t i m l y ,  and n i s  t h o  Llaming roughness c o e f f i c i e n t o  In order  

thst; the v e l o c i t y  r a t i o  be t h o  square r o o t  of tho  depth s c a l e  as r o q u i ~ e d  

f o r  i n e r t i a l  e f f e c t s  according t o  t h o  Froude s i m i l i t u d e ,  

D S u b s t i t u t i n g  f o r  S r e s u l t s  i n  t h o  expression:  

If n i s  'known f o r  t h e  model and prototype t h e n  nr i s  known and tho  
h v r 

exaggerat ion can b e  computed f o r  a given depth D and hydraul ic  
r 

r ad ius  R., I n  models where t h e  s lope  d i s t o r t i o n  i s  d i c t a t e d  by o the r  

cons idera t ions  an ad  justnient of model rou ~ h n e s s  i s  requirod t o  d u p l i c a t e  

pro to type  condit ions.  I f  t h e  d i s t o r t i o n  and t h e  va lue  of n f o r  *a 

prototype a r e  known, the requirod va lue  o f  n f o r  t he  model oan b e  corn; 

puted from t h o  equation. Unless bas i c  d a t a  aro availabio in  a p a r t i c u l a r  

labora tory  on t h e  values of n f o r  d i f f e r e n t  t ypes  of roughness, t h e  

r equ i red  roughness must bo obtained by t r i a l  and e r r o r ,  The model vrith 
< 



flow a t  o r  near t h a t  depth. I f  a problem involves several  depths, model 
I 

roughness should be adjusted t o  give an average f r i c t i o n  t ha t  i s  approximately 

r i gh t  f o r  each depth o r  t he  roughness may be varied with depth f o r  a c loser  

approximation a t  3 1  depths. To be noted i n  this connection i s  t h e  f a c t  t h a t  

t h e  Manning rl i s  s t r i c t l y  a roughness character is t ic ,  and t h a t  t h e  Manning 

fom~u la  hence applies only a t  su f f i c i en t ly  high values of - R f o r  viscous e f fec t s  

t o  be negligible.  

5 @  Movable-bed channels 

There are  many open-channel problems involving scouring, deposition, and . 
t ransporta t ion of channel-bed material  through t h e  act ion of flowing water, 

Such problems are usually studied by means of movable-bed models; however, i n  

some cases l imited s tudies  of problems of this type can be made by invest igat ing 

current di rect ions  and ve loc i t i es  i n  fixed-bed models. Despite t h e  l imi ta t ions  

of t h e  simili tude a t ta inab le  with movable-bed models, they have proved t o ' b e  ' 

invaluable a ids  i n  the  so lv i lg  of complex problems involving t h e  sh i f t i ng  of 

stream-bed materidls. Similitude i n  movable-bed models def ies  t h e  mathematical 

analysis which ciin be applied t o  models involving hydraulic s t ruc tures  o r  other  

fixed-boundary s tudies ,  Instead of arranging t h e  various hydraulic forces 

involved to meet de f in i t e  requirements l a i d  down i n  Ly la* of s imil i tude the  

successful prosecution of a movable-bed model study requires t h a t  t h e  combined 

act ion of t he  hydraulic forces bring about s imil i tude with respect  t o  t h e  

a l l  important phenomenon of bed movment, which i s  the  essence o f  t h i s  type of 

model study, 

The general design approach i s  that. of se lect ing scales and bed L 

mater ia l  which w i l l  r e su l t  i n  bed movement of a nature generally s imilar  

t o  t h a t  i n  t he  prototype, taking i n t o  account t he  r e l a t i ve  e f f ec t  

of the  various discharges from minimum t o  maximum. There are two 



t h e  c l l a r a c t e r i s t i c s  of t ho  pro to type  based upon t h e  c o l l e c t i o n  and s tudy 

of hydraul ic  and hydrographic dqta ;  and second, experience i n  t h e  f i e l d  

of movable-bed hydrau l i c  models. 

i n e n  t h e  dimensions of a watercourse a r e  sca led  davm t o  model dimen- 

s ions  t h e  reduced hydraul ic  fo rces  a r e  no longer  sufficient t o  move bed 

m a t e r i a l  of a workable s i z e  (unless  very l a rgo  models g r e  used, which is  

o r d i n a r i l y  no t  p r a c t i c n b l c  duo t o  cons idora t ions  of cos t ,  a v a i l a b l e  

snaco, water  supply, e t c o ) ,  and it i s  u s u a l l y  necessary  t o  d i s t o r t  t h e  

l i n c n r  s c a l e  r a t i o .  D i s t o r t i o n  of t h e  s c a l e  r a t i o  means t h a t  t h e  v e r t i c a l  

s c a l e  r a t i o  i s  l u r g o r  than tho h o r i z o n t a l  s c a l e  r a t i o ,  . r e s u l t i n g  i n  

exaggerat ion of v e r t i c a l  dimensions, and t h u s  a l l  s lopes  i n  t h o  model. 

D i s t o r t i o n  ( v e r t i c a l  s c a l e  d iv ided  by h o r i z o n t a l  s c a l e )  may w r y  from 

t w o  o r  l e s s  t o  a s  high a s  seven, o r  oven more i n  s p e c i a l  cases.  Generally, 

d i s t o r t i o n  should be kept  a s  low a s  poss ib l e  rzithout reducing bed novemont 

t o o  much. 

Although vort iccr l  oxageerat ion is  u s u a l l y  necessary from t h e  s tand-  

p o i n t  of obta in ing  s u f f i c i e n t  bed movanent, it does in t roduce  c e r t a i n  

undes i rab le  e f f e o t s  which have been l i s t e d  p rev ious ly  but wNcn warrant  . 
a d d i t i o n a l  d i scuss ion  at t h i s  poin t .  The exaggerat ion m y  inc rease  t h o  

s lopes  of  t h e  model banks beyond t h e i r  angle of  repose so  t h a t  t h e y  w i l l  

no longer s tand.  %is condi t ion  may be avoided, i n  cases  whsre permanence 

of t h e  banks can be assumed, by  forming them i n  a r i g i d  ma te r i a l ,  Dis- 

t o r t i o n  a l s o  increases  t h e  longi ' tudinal s lope  of  t h e  stream, and t h u s  

t ends  t o  upset  the flow regimen t o  a po in t  where a r t i f i c i a l  nodel rough- 

ness i s  requi red  t o  r e s t o r e  it. However, s inoe  channel-bed roughness i s  



ment, a d i s t o r t i o n  i n  t h c  d ischarge  and v q l o c i t y  s c a l e s  would au tomat i ca l ly  

r e s u l t .  Such n d i s t o r t i o n  away from t h e  dynamical r a t i o  of t h o  square 

r o o t  of t he  v e r t i c a l  s c a l e  makes -the model i nva l id  w i t h  r e spec t  t o  vmtcr- 

su r face  curva tures  i n  general ,  Another e f f e c t  o f  v e r t i c a l  exaggerat ion . 
i s  a d i s t o r t i o n  of the  l a t e r a l  d i s t r i b u t i o n  of v e l o c i t y  and k i n e t i c  energy. 

Thorefore, when t h e  problom t o  be s t u d i e d  involves t h i s  d i s t r i b u t i o n  a s  

an important f a c t o r  ( a s  ~lrould be t h e  c a s e  w31en modeling t h e  confluence of  

trvo s'-reams, channels s p l i t  by i s l ands ,  o r  evcn very sharp bends) t h e  d i s -  

t o r t i o n  must be r e s t r i c t e d  t o  n o t  more t h e n  f o u r  o r  f i v e  un le s s  t h e  proto-  

t ype  channel i s  unusual ly wide f o r  i t s  depth, In recent  model s t u d i e s ,  

t h e  d i f f i c u l t i e s  of co~prornisin; r e s i t a n c e  and bod rnovemellts have been 

minimized by us ing  various model-bed m a t e r i a l s  of lower s p e c i f i c  g r a v i t i e s  

so t h a t  l e s s  s c a l e  d i s t o r t i o n  i s  requi red  t o  produce proper  mo:remento 

bong such m a t e r i a l s  a r e  coa l ,  punice, sawdust, and ground p l a s t i c s ,  

Ins-toad of reconmending d e f i n i t e  s c a l e  r a t i o s  f o r  t h i s  typ of model 

1 a few rep resen ta t ive  e x a ~ p l e s  a r e  l i s t e d :  



Movable-bed modal s t u d i e s  made a t  United S t a t e s  1;fnterways Experiment 
S t a t i o n  

( a )  Boston Bar v i c i n i t y ,  Miss i s s ipp i  River, 

Hor izonta l  scnlo  1 t o  6000 V e r t i c a l  s c a l e  1 t o  looo 

Bed m a t e r i a l :  Processed coal ,  s p e c i f i c  g r a v i t y  103, avorage 

gra in ,  diameter 0.8 mm, and gravel  a r e a s  

represented by haydike, 

(b) Pryors  I s l and  Reach of Ohio River, 

I Ior izonta l  s c a l o  1 t o  6000 V e r t i c a l  s ca l e  1 t o  150, 

Supplemental s lope  of 0.00015 added t o  ob ta in  c o r r e c t  t r a c t i v e  

Bod ~ m t e r i a l :  Crushed coal ,  mean diameter  1.23 mn, and s p e c i f i c  

g r a v i t y  1.30, 

Othcr s t u d i e s  

( c )  Rhono River  study, shoal ing s t u d y  i n  v i c i n i t y  of River Yseron. * 
Hor izon ta l  s c a l e  1 t o  2500 V e r t i c a l  s c a l e  1 t o  50D 

Bed m a t e r i a l :  Very clean quartzy sand, moan d ianc to r  00295, 

send chosen from cons idoraf  ions  of  t ima, de l ivery ,  

and p r i c e o  

Supplemental s lope  added, 

b i i y  o t n e r  examples of monble-bod model s t u d i e s  ma:r bo found i n  

publish& r e p o r t s  o f  5320 'htcnvays Experiment S ta t ion ,  Corps of Engineers, 

Vicksburg, E i s s i s s i p p i ,  and rcferonco (a),, 



f o r  t he  var ious  s tages  of flow must be determined ~ x ~ e r i m e n t c r l l ~  in  t h e  

nodel i t s e l f ,  a s  must tho  time sca l ee  !l'he teohnique of  experimental  

d e t e m i n a t i o n  of scolcs ,  o the r  t han  phys ica l  s ca l e s ,  w i l l  be d iscussed  in  

moro d e t a i l  su't?sequ,dntly i n  connect ion t h e  model v e r i f i c a t i o n .  

Cons tn lc t ion  methods f o r  movable-bod models nro generally s i m i l a r  t o  

thoso  used i n  t h o  case of open-channel fixed-bod models. Tho p r i n c i p a l  

d i f f e r e n c e  i s  i n  the  technique of molding t h e  bod. A common procedure 

i s  t h a t  of providing curb r a i l s  which a r e  r o l i ~ h l y  p a r a l l e l  t o  tho nodcl  

c h a m c l  and a r c  s o t  a t  any coc-renient d a t u ~ ,  Tonplets mounted on cross-  

r a i l s  an2 s u p p o ~ t o d  on the  curbs pro t5de  tho  c o n t r o l  f o r  molding -tihe bod, 

IkLe curbs a l s o  provide a means f o r  support in& a sounding board which i s  

used t o  survey tho nodel beds. A porklon of the  model channol a t  each 

ond should be noldod i n  r i g i d  n n t e r i a l  i n  ordor t o  reproduce c o r r e c t  

entrance and e x i t  guides f o r  tho n d o l  flovr, 

In a d d i t i o n  t o  t h e  usual  model equipment, a bed-load-feeding appara- 

t u s  shou1.d a l s o  be provide6 a t  t h o  charulel entrance t o  supply bcd load 

t o  t h e  model. The r a t e  of foeding should be  ad jus t ab le  s o  t h a t  it can 

be n r i c d  a s  requirod t o  acconpl i sh  proper  dup l i ca t ion  o f  pro to type  

ac t ion ,  Spec ia l  rnethads and devices  t o  a i d  in  mapping model bod3 are 

discussed i n  r e fe rence  ( 3 ) .  

!J!he v e r i f i c a t 5 o n  of a movable-bod modol i s  an i n t r i c a t e  cut-andatry 

process o f  p rogres s ive ly  a d j u s t i n g  t h e  va r ious  hydraul ic  f o r c e s  and vary- 

ing  t h e  model opera tin^ technique u n t i l  t h o  nodol w i l l  reproduce w i t h  

acceptable  accuracy chanzcs i n  bad c o n f i ~ u r a t i o n  which a r e  h.own'to have 

occurred i n  t h e  prototypo between c e r t a i n  da tes .  I n  this mannor t h e  



tho scale  r e l a t i o n s h i p s  w i t h  the protoi;ype a r e  worked out,. This procedure 

usua l ly  cons i s t s ,  i n  general ,  o f  t h e  fol lowing s t eps :  (a) two prototype 

bod surveys of pas t  da t e s  a r o  selected-- tho time between t h e s e  two da te s  

being known a s  the  verification period--and, t h e  model bed i s  molded t o  

conform t o  t h e  e a r l i e r  survey; ( b )  t h e  hydraul ic  phenononon vrhich occurred 

i n  t h e  pro to type  du r ing  the v e r i f i c a t i r ; n s  period a r e  s imulated i n  t h e  

model t o  t h e  proper time s c a l e  (est imated,  t o  begin with) a l l  of r egu la t ed  

measures unds;-taken i n  naturo 2ur ing  t h a t  period being reproducoci i n  t h e  

nodel  a t  t h e i r  proper time; and ( c )  t h e  model bad i s  surveyed a t  t h e  end 

of t h e  period, and t h e  nodel i s  considered t o  bc s a t i s f a c t o r i l y  v e r i f i e d  

only when t h i s  survey chocks t h o  l a t e r  prototype s u r r e y  wi th  acceptable  

Durinc cut-and-tmj v e r i f i c n t i o n  t e s t s  it may be found necessary  , 

t o  manipulate the  time sca l e ,  d i scha rge  sca l e ,  r a t e  dnd manner of bed- 

load feeding,  perhaps the  s lope  s c a l e  (as applied t o  t h e  water  s u r f a c e )  

and perhaps the gradat ion of t h e  bed ma te r i a l .  Often it i s  necessary 
t o  u s e  t ime and discharge s c a l e s  which v a r y  with s t a g e  in o r d e r  t o  make 

each model s t age  e f f e c t  i t s  p ropor t iona l  sha re  of bed movement. It i s  

evident ,  t he re fo re ,  that t h e  v e r i f i c a t i o n  phase o f  a movable-bed model 

c a l l s  f o r  a n  i n t i n a t e  knowledge of t h e  prototype, as w e l l  a s  experience 

wi th  t h i s  type of model study. 

A f t e r  a s a t i s f a c t o r y  v e r i f i c a t i o n  of a movable-bed inodol, the degree 

of s i m i l i t u d e  a t t a i n e d  (md t h i s  m y  vary considerably f o r  d i f f e r e n t  

s e c t i o n s  of the same model, m d  f o r  d i f f e r e n t  t e s t s  of proposed i.qro7cre- 

nent  p lans  f o r  t he  'prototlype) remains largo17 a ma t t e r  of er;.giaeoring 



reasoning:  I f  t h e  model accu ra t e ly  reproduces changes which a r e  known 

t o  have occurred i n  t h e  bed of t h e  pro to type ,  it can ba r e l i e d  upon t o  

p r e d i c t  chsngcs of a s imi lar  na tu re  which can  be eypected t o  occur i n  tho 

f u t u r e .  As a word of caut ion,  hoviever , it i s  poin ted  ou t  t h a t  t he  dynamic 

d i s t o r t i o n  i n h c r s n t  i n  t h e  v e r i f i c a t i o n  of a movable-bed model p l aces  an 

important l i m i t a t i o n  upon the type of  t e s t  which can be made subsequently. 

and thus ,  upon t h e  .type of r e s u l t s  vrhich can be obtuined from the  study. 

Since the  v e r i f i c a t i o n  i s  achieved on t h e  b a s i s  of an a d j u s t e d  s imulat ion 

I 
of recorded  pro to type  phenomena, t h e  model cannot be expected t o  respond 

nccurntel:; t o  condi t ions  vrhich involve  t o  d r a s t i c  depar tures  from those  

involved i n  i t s  v e r i f i c a t i o n ,  

I n  model t e s t s  t o  detarmine t h e  e f f e c t s  which various t e n t a t i v e  p l ans  

of channel r e g u l a t i o n  w i l l  have i n  t h e  pro to type ,  it i s  necessary  t h a t  , 

the  s c a l e  r e l a t i o n s h i p  and t h e  model opera t ing  tochnique developed during 

the v e r i f i c a t i o n  phase be maintained. The i n t e r p r e t a t i o n  of  t h e  r e s u l t s  

of t h e s e  t e s t s  i s  a l s o  n highly  impcr tent  phase of t ho  model study. I n  

those cases  where s u f f i c i e n t  f i e l d  da ta  a r e  a v a i l a b l e  t o  v e r i f y  t h e  

model through a s e r i e s  of s i g n i f i c a n t  bed changes, t h e  r e s u l t s  of model 

t e s t s  nay be used f o  p r e d i c t  t h e  q u a n t i t a t i v e  behavior of t h e  prot;otype 

w i t h  r e s p e c t  t o  any a c t i o n  reasonably s imi l a r  t o  t h a t  reproduced i n  t h e  

v e r i f i  ca t ion  period.  However, t h e  need f o r  and t h e  va lue  of experience 
v 

i n  mslcing such p red ic t ions  i s  i n  no sense rep laced  ty t h e  model v e r i f i -  

ca t ioz .  Valuable experiesoe m y  b o  gained by studying comparative r e s u l t s  

i n  models and prototyps..~. 

I n  t h e  f i n a l  a n a l y s i s ,  t h e  v a l i d i t y  of the  r e s u l t s  of a movable-be6 

nodel study, and t h e  i n t e r p r e t a t i o n  of t h a  r e s u l t s  t h e r e o f ,  are l a r g e l y  
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ing being the v e r i f i c a t i o n  of t h e  modal, a knowledge of t h e  prototype,  

and f a m i l i a r i t y  t h e  [;enera1 c h a r a c t e r i s t i c s  of  such modelso 

6, Problems of unsteady flow 

':hen the s t a t e  of flow in an open channel i s  unsteady, t h e  a d d i t i o n a l  

f a c t o r  of  a c c o l r n t i o n  head i s  introdcced. Since a l l  parameters change 

wi th  t ime when t h e  flow 2s unsteady, t h e  equat ion  of motion t akes  the 

form of p a r t i a l  d i f f e r e n t i a l  equat ions,  which can be solved only b y  approx- 

imate methods. Under such cond i t iozs  a model c m  be regarded a s  an i n t e -  

g r a t i n g  machine. 

A s  i n  t h e  case of s teady open-channel flow, tho  Froude law is  used 

t o  a c c o ~ p l i s h  s imi l i t ude ,  and tho f r i c t i o n a l  r e s i s t a n c e  i s  ad jus t ed  as 

requ i red*  In genera l ,  a model t h a t  i s  v a l i d  f o r  s teady f low a t  d i f f e r e n t  

s t ages  i s  equal ly  v a l i d  f o r  unsteady flow. Sinoe v e l o c i t i e s  and depths  

change wi th  t ime,  t h e  adjustment of  model f r i c t i o r ,  becomes more s i g n i -  

f i c a n t  and more d i f f i c u l t .  To accomplish c o r r e c t  t r a n s i e n t  conditj.ons, 

t h e  f r i c t i o n a l  r e s i s t a n c e  shou1.d be similw, model t o  prototype,  a t  a l l  

s t ages  o f  flovr. The roughness of t h o  model may be ad jus t ed  s o  t h a t  

s teady f low a t  a l l  stages i s  c o r r e c t l y  reproduced, al though t h e  a c t u a l  

roughness over d i f f e r e n t  areas of t h e  model cha rne l  may vary. A procedure 

f o r  accomplishing t h i s  cond i t ion  has beer1 developed by Professor  Thomas. g 
D i s t o r t i o n  of  t h e  l i n e a r  saale does not a l t e r  t h e  s u i t a b i l i t y  o f  t h e  

model i f  t h e  f r i c t i o n a l  r e s i s t a n c e  i s  ad jus t ed  accordingly. 

A so~iloprhat d i f f e r e n t  approach t o  accomplishing a s u i t a b l e  model i s  

t o  e s t a b l i s h  tho s c a l e  i n  such a way t h a t  t h e  sane type of f low i s  obta ined  

in  t h e  model as p r e v a i l s  i n  t h e  prototype. A c r i t e r i o n  f o r  a s s u r i n g  t h i s  



~ a e l . 3  31 a n a t u r a l  wa te r  course t h e  flow is, almost wi thout  exception, 

rough-turbulent flow. If t h e  flow in  t l ~ o  model is  a l s o  rough tu rbu len t ,  

t h e  t h e  v a r i a t i o n  of f r i c t i o n a l  r e s i s t a n c e  wi th  v e l o c i t y  w i l l  be propor- 

t i o n a l  t o  t h e  v e l o c i t y  squared a s  i n  t h e  prototype,  and t h e  model w i l l  be 

V*k 
s u i t a b l e  f o r  s tudy of unsteady flaw. ifion t h e  va lue  of -7 is g r e a t e r  

than  50 o r  60 f o r  roughness c f  t ho  sand-grain type  and g r e a t o r  t h a n  100 

f o r  any type of roughness, rough-turbulont f l o w v r i l l  prevail., Danol has 

c a l l e d  t h e  dimensionless q r e s s i o n  t h e  "Karmann number, where 

V, = shear  v e l o c i t y  = ; 

k = he igh t  of equiva lent  sand rou ghnoss; and 

V = kinematic  v i scos i ty .  

Unless t h e  pro to type  has a s teep ' s lope ,  it i s  necessary  t o  d i s t o r t  t h e  

model s lope  by in t roducing  v e r t i c a l  exaggeration, There i s  a l i m i t  t o  

the pcrrnissible  d i s t o r t i o n  based on t h e  curva ture  of t h e  wa te r  surface.  

The d i s t o r t i o n  must be kep t  below the  value which w i l l  in t roduce  a 

curva ture  i n  t h e  model of such  a degree t h a t  t h e  p res su re  d i s t r i b u t i o n  . 

depar t s  apprec iably  from hydrost.atic.  

8 TIDAL AND TCAVE EiODELS 

The d e s i g n  of t i d a l  and wave raodsls t o  s tudy  probloms involving 

harbor improvements o r  p fo toc t ion  works, channol improvement e s t u a r i e s ,  

beach erosion,  etc., proceeds from t h e  b a s i c  cons idera t ions  tha t  have 

been discussed w i t h  e i t h e r  f ixed-  o r  movable-bed models. In add i t ion ,  

t h o  inf luence  of t i .des o r  waves, o r  both, must be included. When t h e  

p r i n c i p a l  f a c t o r  i s  tidal flow, it i s  u s u a l l y  neoessary  t o  u s c  a d i s -  

t o r t e d  o r  v e r t i c a l l y  exaggerated nodel.  A t i d e  w i l l  havb an amplitude 



tho v e r t i c a l  dimensions should bo made d i sp ropor t iona te ly  l a r g e  oonpared 

t o  a reasonable  h o r i z o n t a l  s c a l e  based on cons idera t ions  of a v a i l a b l e  

space. The l a r g e r  depth may a l s o  be required t o  g ive  velocities high  

enough t o  move bed mater ia l .  I n  t h e  c a s e  of problems involving naves 

t h e  p a r t i c u l a r  t y p e  of wave con t ro l s  t h e  al lowable d i s t o r t i o n .  

Pre l iminary  opera t ion  of a model of t h i s  t ype  should be d i r e c t e d  

e 
toward making such adjustments  i n  model t i d e s  or  waves, roughness, bed 

ma te r i a l s ,  o r  even i n  v e r t i c a l  sca le ,  a s  a r e  r equ i red  t o  br ing  t h e  model 

performance i n t o  c o a f o m i t y  w i t h  e i t h o r  t h e  k n m  o r  predic ted  behavior 

of t'ne prototype. In conpl ica ted  problems, vrhich a r e  t h e  r u l e  r a t h e r  

t h a n  the exception, t h e  procedure of developing r e l a t i v e  worth i s  recom- 

mended, i n s t ead  of at-t;a?ptin& t o  t r a n s f e r  model r e s u l t s  d i r o c t l y  t o  pro- 

t o t y p e  except where pure ly  qualitative cons idera t ions  a r e  involved, The 

r e l a t i v o w o r t h  of some proposed schene i s  developed i n  tho  model by 

re fe rence  t o  a s tandard o r  base  t e s t ,  The perfornlance of each schene is 

detem-ined by opera t ing  t h e  model from some s tandard  i n i t i a l  cond i t ion  

w i t h  i d e n t i c a l  t i d e s ,  waves, r i v e r  flow, l i t t o r a l  cu r ren t ,  r a t e  of  adding 

sediment, e t c ,  Such a procedure i s  u s u a l l y  adequate f o r  selecting t h o  

most appropr i a t e  scheme and presents  no formidable d i f f i c u l t i e s .  
i 

Since t h e  various phys ica l  q u a n t i t i e s  a r e  unsteady, t h a t  i s ,  vary 

w i t h  tine, s p e c i a l  ins t rumenta t ion  i s  required.  such' instruments  may 

inc lude  a c l o c k d r i v e n  drum o r  osc i l lograph,  s e n s i t i v e  devices  f o r  measur- 

ing  wave he igh t s ,  motion p i c t u r e  cameras f o r  recording t h e  m o m e n t  of 

paper  c o n p e t t i  o r  r e f l e c t o r  f l o a t s ,  o r  s p e o i a l  equipment f o r  adding a d  

measuring t h e  concent ra t ion  of s a l t  o r  dye s o l u t i o n s  t o  d e f i n e  c u r r e n t  

d i r ec t ions .  



- 
The of foc t ivonoss  of t i d a l  and wnvo models doponds i n  l a r g e  m a s u r e  

on prayer reproduc.tion of n a t u r a l  t i d e s  o r  waves i n  t h o  model. Desien of 

mechanical devicos f o r  gonorating t i d e s  o r  waveo i s  a m J o r  problom and 

t h e  c o s t  of such devices i s  a n  important  p a r t  of  t h e  t o t a l  c o s t  of a . 
model study. Tide machinos of tvro d i s t i n c t  ty-pos have been used. In 

one case  t h e  v a r i a t i o n  i n  water  love1 i s  accoln3lishod by d isp lacencnt  

with a mechanically nc tua tad  plungor. In n m o h i n o  used by Gibson in 

t h e  Seoern Es tuary  s t u d y , g  t h e  v a r i a t i o n  i n  t i d a l  amplitude from sp r ing  

t o  neap xvas obtained by varying the  s t r o k e  of t h e  plunger  through a 

t r a i n  of  e p i c y c l i c  gearing. I n  a machine used by t h e  Bureau of  Roclama- 

t i o n w  t o  s tudy s a l i n i t y  i n t r u s i o n  i n t o  t h e  Sacramento-San Joapuin Delta,  

a mixed t i d o  and i t s  v a r i a t i o n s  throu&out a luna r  cyc le  was obtained by 

con troll in^ the plunger through a cam vrhAch was c u t  t o  rcprosent  a lunar  

c;rcle of t i d e s .  Both d o s i ~ n s  a r c  adapted t o  problems vrhere t h e  u s e  of 

a mean t i d e  i s  not  advisable ,  The plunger typo machine iz l imi t ed  t o  

I mall models i n  v~hich t h e  t i d a l  prisms roqu i re  a reasonably small  plunger. 

LY t h e  o t h e r  t y p e  of t i d e  machine the r equ i red  v a r i a t i o n  i n  water  l e v e l  

is  accomplished by adjustment of a w o i r  o r  a va lve  suppliod by  a cons tant  

flow of water.  The he igh t  of' a weir  o r  t h e  open in^ of a valvo a r e  regu- 

l a t c d  by a c o n t r o l l i n g  device which is actuatod whenever t h e  model l evo l ,  

- as ind ica t ed  by a f l o a t ,  d i f f e r s  from the  required l e v e l  a s  i nd ica t ed  

. by a ca? .  The e f f c c t s  of i n e r t i a  a r e  compensated by a power i n t e r r u p t e r  

. 
whioh i s  adjus ted  by t r i a l  and er ror .  This typo o f  machine i s  w e l l  adapted 

, 
f o r  u se  in l a r g e r  models vrhere tho  t o t a l  f low of wa te r  dur ing  f lood  and 



t h e  'iiatoirrays Experiment S ta t ion ,  Vicksburg,  hissi is sip pi.^ 

2,, I n v o s t i ~ a t i o n  of wave a c t i o n  

The fundnmentnl typo of wnve involved i n  a model s tudy has an  

important bear ing  on th6 choice of v e r t i c a l  s c a l e  o r  exaggeration. 'Rle 

wave ve loc i%y i s  represented by t h e  express ion  

D 
c2 = ( )  t anh  2n 

where c equals  v e l o c i t y  of  vave o r  c e l e r i t y ,  i n  f e e t  per second, X 

equals  wnve length  i n  f o e t ,  D equals mean depth i n  feet. .  For s h o r t  

D vraves i n  vrhich - i s  g r e a t e r  t h a n  about one-half t h o  hyperbol ic  A 

tangont approaches u n i t y  and t h e  wave -reloci ty depends p r i n o i p a l l y  on 

t h e  wave length. 

D 
For long wavos, 7;- of one-tsnth o r  l e s s ,  t h o  va lue  of  c 

approaches . Since t h e  type of wave depends spon the  r a t i o  o f '  

D , a v e r t i c a l  t o  a ho r i zon ta l  dimension, it i s  poss ib l e  t h a t  t o o  

much v e r t i c a l  exaggerat ion w i l l  a l t e r  t he  type of wave and -h is  poss i -  

b i l i t y  should be checked. In t h o  case  of s o l i t a r j  waves, o r  t i d a l  waves, 

utnich arevery long, t ho  p o s s i b i l i t y  i s  romote and q u i t e  l a r g e  exxaggera- 

t i o n s  a r e  permissable a s  f a r  a s  s i m i l a r i t y  of vrave form i s  concerned. 

In harbor modcls b u i l t  t o  invos t ign te  wave and surgo ac t ion ,  tho 

wave from vrhich p ro tec t ion  i s  des i rod  may range i n  per iod  f ron  a fm 

soconds t o  a s  much a s  5 n inu te s  o r  more. Tho short-period waves ( u s u a l l y  

f r o n  about 6 t o  18 seconds) my range 'from only  a f o o t  o r  so  t o  more t h a n  

20 f e e t  i n  height.  Long waves (usual ly  f r o n  about  1 t o  5 minutes i n  

pe r iod )  a r e  gene ra l ly  l e s s  t h a n  3 f o e t  i n  hhight.  If t h e  probler? i s  



should be  usedo However, a s  t h o  period of t h e  primary waves inc reases ,  

Vno amount of s c a l e  d i s t o r t i o r i  ~vhicli can be t o l e r a t e d  incraases .  For 

in s t ance ,  a s ca l e  d i s t o r t i o n  of f i v e  ( ~ a t i o  of length  s c a l e  t o  depth 
i 

s c a l e )  w i l l  not  r e s u l t  i n  d i s t o r t e d  modes of o s c i l l a t i o n  i n  B model when 

t h e  prototype vravo periods a r e  about  2 minutes o r  more. I f  t h e  primary 

problem has t o  do vrith long-period waves, and t h e  e f f e c t s  of sho r t -  

period waves a r e  secondary, it i s  poss ib l s  t o  use  a d i s t o r t e d - s c a l e  

nodel and s t i l l  ob ta in  r e s u l t s  a s  accura te  a s  warranted by  t h o  circum- 

s tances .  A good understanding of t h e  pro to t~ype  problem i s  r equ i red  

before  t h e  use  of a d i s to r t ed - sca le  nodol can bo sanct ioned.  

In models designed f o r  the s tudy o f  s t a b i l i t y  of rubble  mounds o r  

pressures  on impervious breakisater, an  und i s to r t ed  model should be used 

and t h e  r e s u l t s  i n t e r p r e t e d  according.  t o  tho Froude law. If c a r e  i s  

exerc ised  i n  s i z i n g  and p r o p o r t i ~ n i n g  t h e  breakvrnter m a t e r i a l  and con- 

s t r u c t i n g  tho  model breakwater, r e s u l t s  of  cons iderable  accuracy can be 

obtained. It has been found tht a s c a l e  of  1:45 i s  about t h e  sma l l e s t  

s c a l e  t h a t  can be used f o r  t h i s  type nodel  (where t h e  pro to type  break- 

water  i s  s i t u a t e d  i n  a t  l e a s t  50 f e e t  of viator) when considernble accuracy 

i s  required.  

%chines f o r  genera t ing  model vsaves a r e  u s u a l l y  based on t h o  v e r t i c a l  

~novement o f  a displacement plunger. An o ldor  type  us ing  a n  e c c e n t r i c  

r o l l e r  h a  novr l a r g e l y  been replaced  by the plunger typo which g ives  

S e t t e r  reproduct ion of na tu ra l r r aves .  l%e plunger  i s  made wi th  a tri- 

angular  c ross  s e s t i o n  having t h o  npox ?om.. Ttae back f a c e  i s  u s u a l l y  

v e r t i c a l  and i s  placed c lose  t o  a w a l l  t o  prevent  any vravo formation from 



sloped a-l; a n  angle  which i s  u s u a l l y  about 45 degrees bu t  may be  va r i ab le .  

Addi t ional  f l e x i b i l i t y  should bo pr.ovi2ed by making t ho  displacement a s  

w e l l  a s  t he  speed of  o s c i l l a t i o n  ad jus t ab le .  Unless t h e  problem involves 

waves i n  a cons tant  d i r e c t i o n  t h o  wave mch ino  should be mobile so  t h a t  

i t s  p o s i t i o n  can be a l t e r e d  t o  genora te  wavas from any requi red  d i r ec -  

t i o n .  For slow-period waves, o f  relatively l a r g e  amplitude, -the surgo 
, . 

chamber type  usod at, t h e  Ca l i fo rn ia  I n s t i t u t e  of Technology, Hydraulic 

S t r u c t u r e s  Laboratory, i s ,more  s u i t a b l e  than t he  plunger  type. 2!i fl~, 

t h i s  type,wnter i s  a l t e r n a t e l y  s tored  and re leased  by r e g u l a t i o n  of t h e  

a i r  pressure  i n  an  a i r - t i g h t  chamber. The frequency can be m d e  v e r y  

lovr and t h e  shape of t h e  wave can  be  con t ro l l ed  by m n i p u l a t i o n  of  t h e  

va lve  which r egu la t e s  subatmospheric p re s su re  i n  t h e  chamber. The key- 

no te  t o  be sounded i n  t h e  design of wave machines i s  f l e x i b i l i t y ,  so 

t h a t  proper a c t i o n  devolopod by  opera t ion  of t h e  model m y  be obtained 

by sui te .ble  adjustment. 

3 e  Llovement of sediment 

In those  problems whc;re the waves cons t i t uke  agency f o r  perform- 

ing some o t h e r  ac t ion ,  such a s  movement of  bed, o r  semisuspended ma te r i a l ,  

o r  t h e  d i f h s i o n  of s a l i n i t y ,  t h e  c h a r a c t e r i s t i c s  of t h e  wave a r e  n o t  of 

p r ixn ry  importance. It may be necessary t o  d i s t o r t  a model t o  o b t a i n  

proper bed movement d e s p i t e  t he  f a c t  t h a t  t h e  wave w p e  i s  changed, I n  

such cases  the  s i m i l i t u d e  relations a r e  developed experimental ly a s  pre- 

viously described.  To ob ta in  proper movement of bed m a t e r i a l  i n  t i d a l  or  

vrave models it i s  u s u a l l y  necessary  t o  make t h e  model l a rge ,  use  a h igh  

d i s t o r t i o n ,  o r  use  a  l ightweight  sediment. If space permits  and t ime 



I c u r r a n t s  d o n a  a r c  t o  be considorod, d i s t o r t i o n  of t h e  order  of 85 w i l l  

accomplish movement w i t h  sands havine a mean diamoter of  about  t h ree -  

fou r ths  of t h s t  of' t ho  prototype .sand.g If tho wave typs  must b e  pre- 

served,  a t  l e a s t  p a r t i a l l y ,  a lightweight sodimont may be used. A mate- 
0 

r ia l  used wi th  rnach success n t  t he  Watertvays Experiment S t a t i o n ,  Vicksburg, 

Lfississ ippi ,  i s  a l ightweight  a s p h a l t i c  m a t e r i a l  c a l l e d  g i l s o n i t e ,  vrith a 

s p e c i f i c  g r a v i t y  a s  low as  1.03. Such a m a t e r i c l  w i l l  move r e a d i l y  under 

t h e  a c t i o n  of mod e l  waves t o  r.epres en t  suspended o r  s emisuspended m a t e r i a l  

i n  nature.  Tho ma te r i a l  i s  d i f f i c u l t  t o  handle and s i m i l a r i t y  must be 

devoloped by extens ive  v e r i f i c a t i o n  t e s t s .  For t h e s e  reasons t h e  m a t e r i a l  

i s  n o t  r ecomended un le s s  many s t u d i e s  a r e  contemplated, vrhi cll vrould jus t i f 'y  

t h e  development of t h e  spec ia l i zed  technique requi red  f a r  i t s  use. 

HYDRAULIC-LIACIIIIWY 1;IODELS 

Ehperience has demonstrated tht t h e  performartco of  a hydraul ic  ma- 

ch ine  nay be obtained by nodel k o s t s  wit11 a minimum of t ime  and expense. 

The need f o r  performance t e s t s  a r i s e s  f r o n  t h e  f a c t  t h a t  f l o w  condi t ions  . 

in  machines, euch a s  p u p s  o r  t u r b i n e s ,  a r e  so  e i ceed ing ly  complex a s  t o  

make it impossible t o  p r e d i c t  performance i n  the requi red  d e t a i l  from 

a n a l y t i c a l  considerat ions alone 

1. Performacce t e s t s  - 
Performance t e s t s  m y  be requi red  and can be approprinCely c a r r i e d  

4 

ou t  by means of models t o :  (1 )  guide and v e r i f y  t h e o r e t i c a l  developments 

i n  designs ( 2 )  evalua te  pcrformnnce under s p e c i a l  condi t ions ,  such as t h e  

e f f e c t  of t h e  s e t t i n g  on c a v i t a t i o n ;  and ( 3 )  porforn  acceptance t e s t s  on 

c o n p e t i t i v e  designs in l i e u  of f u l l - s c a l e  t e s t s .  
k 





ing tho  models, e s p e c i a l l y  pump models, a t  pro to type  v e l o c i t i e s .  

A s ign i l i aan*  parameter usod widely  i n  t h e  des ign  axid t yp ing  o f  

hydraul ic  machines i s  t h e  s p e c i f i c  speed. For turb ine8  t h e  s p e c i f i c  

speed tnkss the  form: 

where 

P = horsepower, anti 

E = operat ing head i n  f e e t  of water,  

and f o r  pumps the  form: 

!The d i f f e rence  i n  form der ives  from the  f a c t  t h a t  power i s  s i g n i f i c a n t  

f o r  t u rb ino  design, whereas discharge i s  s i g n i f i c a n t  in pump des ign ,  

Since the s p e c i f i c  speed descr ibes  -;he ope ra t ing  condit ions (11, Q, and 

H) req- ired f o r  s i m i l a r  f low condit ions,  i n  geometr ica l ly  s i m i l a r  ma- 

chines, it must be equal  i n  model and prototype.  lahen t h i s  cond i t ion  i s  

s a t i s f i e d  the  p rev ious ly  s t a t e d  requirement i s  a l s o  s a t i s f i e d ,  

Madel r e s u l t s  may be extended t o  t h e  pro to type  by r e l a t i o n s h i p s  

derived from t h e  e q u a l i t y  of  s p e c i f i c  speed t o g r ~ t h e r  with the sctual 

r a t i o s  o f  head o r  speed used in the  t e s t .  A convenient form y h i c h  i s  

t Ing used t o  express  experimental r e s u l t s  i s  t o  u s e  d i m e n s i o ~ l e s s  

p l o t t i n g s  wherein t h e  parameters a r e  expressed i n  terms of normal head, 

d j ~ c h o s g o ,  power, e tc .  For example, a head-discharge curve would have 



divided by d i scha rge  a t  normal hoad. 

Performance c h a r a c t e r i s t i c s  demonstrated by model t e s t s  appl j j  

d i r e c t l y  t o  t h e  protot,ype wi th  the  except ion  t h n t  t ho  model e f f i c i e i loy  

i s  one o r  two  p o i ~ t s  lower t h &  t h a t  of t h e  prototype.  Much t u r b i n e  

t e s t i n g  i s  acco~nplishod ct node1 lleads sca l ed  t o  geometric s c a l e  r a t i o .  

On t h e  o ther  hand, modern pump t e s t i n g  i s  u s u a l l y  ca r r i ed  ou't a t  pro to-  

type  v e l o c i t i e s  mcl hcnd 
y 

by making t h e  model speed equal  t o  t h e  

prototype speed mul t ip l i ed  by t h e  r a t i o  of diameters  prototype t o  model. 

The higher  va lues  of Reynolds number obkained by such p r a c t i c e  y i e l d s  a 

higher  nodel e f f i c i e n c y  and t h e  nodel perfonnanco i s  nore s i g n i f i c a n t  

w i th  respect  t o  sepa ra t ion  and c a v i t a t i o n  e f f e c t s .  

2 .  Pred ic t ion  of  c a v i t a t i o n  e f f e c t s  

A s p e c i f i c  t e s t  f o r  t h e  e f f e c t  of c a v i t a t i o n  i s  gene ra l ly  included 

i n  a  modern model s tudy of  a hydraul ic  machine, e s p e c i a l l y  a pump. A 

s p e c i a l  c a v i t a t i o n  nunber designnted a s  a i s  used f o r  such a t e s t  

where 

where hs equa l s  s u c t i o n  head, ha equa l s  atmospheric pressure ,  h  
VP 

equals vapor p r e s s u r e  of t h e  f l u i d ,  and H equals t o t a l  heado When t h e  

va lue  of a f o r  t h e  model i s  equal t o  t h a t  f o r  t h e  prototype t i e  model 

xi11 denons t ra te  t h e  e f f e c t s  of cawi-bation t h a t  can be expected i n  t h e  

prototype. The requi red  va lue  of a can be obtained by manipulat ing 

t h e  sac t ion  head o r  the model atmosphere. In the  case  of pump models 

opera t ing  a t  pro to type  heads, t h e  model s u c t i o n  head oan be r e a d i l y  



c r i t i c a l  value of a nay be es tab l i shed .  '730 d a t a  from ouch t e s t s  made 

a t  d i f f c r o n t  valuos of u may be p l o t t e d  as e f f i c i e n c y  versus a ,  or  

hoad verkus a. A break i n  e i t h e r  curve i n d i c a t e s  t h e  incep t ion  of cavi- 

t a t i o n  and d e f i n e s  t h e  permissible  pro to type  value of suc t ion  head. 

3. Air-f lovr s t u d i e s  of p r e s s ~ r e  d i s t r i b u t i o n  

Studies  of hydraul ic  machinery u t i l i z i n g  a i r  as a t e s t i n g  f l u i d  a t  

r e l a t i v e l y  low v e l o c i t i e s  have been made t q  eva lua te  c h a r a c t e r i s t i c  

curves o r  t o  s t u d y  pressure  d i s t r i b u t i o n  over t h e  vane elements. If t h e  

a i r  v e l o c i t i e s  a r e  kep t  below 300 f e e t  p e r  second, t h e  e f f e c t s  of  com- 

p r e s s i b i l i t y  c a n  be ignore? and t h o  d a t a  can  be  computod by hydrau l i c  

formulas,  I f  t h e  r e s u l t s  a r e  expressed i n  d inens ionless  form,they a r e  

d i r e c t l y  a p p l i c a b l e  t o  t h e  prototype. 

Testing w i t h  a i r  o f f e r s  a  means for accorr.plishine quick and in-  

expcnrive t e s t s .  Cheap, l i ~ h t  m a t e r i a l  c a n  be used and changes can  be 

r e a d i l y  made. Xodeling c l a y  serves admirably as a  boundary f o r  cut-md- 

t r y  e x p e r i n e ~ t s .  Eeasu rmen t s  r equ i re  g r e a t e r  p rec i s ion  in a i r  s t u d i o s  

s i n c e  d e f l e c t i o n s  of l i q u i d  calms use6 t o  i n d i c a t e  pressure  o r  v e l o c i t y  

a r e  only a fevr inches o r  l e s s .  iln s a t i r e  l abora to ry  dovoted t o  aero-  

d;,nmic t e s t i n e  of hydraul ic  machines i s  maintainsd by Escher IVyss Company 

and hss been doscribod by Keller .  2Y 
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